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Abstract 
Cell-free protein-synthesizing systems have been prepared 
and characterised in order to study three developmental aspects of 
the synthesis of chlorcplast proteins in the cotyledons of Cucumber 
seedlings grown in the light and dark. 
The E. coli translation system was used to assay the 
accumulation of chioroplast mRl'TA. A major translation 
product of this system has been identified as the large 
subunit (LSu) of RuBPCase. 
The Wheat germ translation system was used to assay the 
accumulation of cytoplasmic mRNAs coding for chioroplast 
proteins. The precursor (PSSu) of the small subunit 
(SSu) of RuBPCase has been identified among the translation 
products of this system by immunoprecipitation. 	Tentative 
identification of the precursor of the chlorophyll a/b 
binding protein has also been made. 
Isolated plastids from light-grown cotyledons were used to 
study the capacity of the developing organelles to 
synthesize protein and, also follow the spectra of poly-
peptides produced. 
The results obtained with the in vitro techniques have been 
compared with the developmental changes in chioroplast proteins 
observed in vivo. 
Results indicate that the initiation of synthesis of the mRNA 
coding for LSu and PSSu RuBPCase is light independent. The initial 
increase in the levels of LSu anSSu observed in vivo is positively 
related to the accumulation of LSu and PSSu mRNA. Although 
in vitro assays indicate that there are subtle qualitative 
(xi) 
(xi ii) 
differences in the spectra of cytoplasmic mENAs between light- and 
dark-grown tissue, etioplast and chloroplast mRNAs appear 
qualitatively similar. The light dependent initiation of synthesis 
of the presumptive mRI'TA for the chlorophyll a/b binding protein 
occurs a day after the initiation of synthesis of the RuPCase 
mRNAs. This corresponds with the in vivo appearance of chlorcphyll 
and chlorophyll a/b binding protein. 
The data obtained with the cell-free protein-synthesizing 
systems would indicate that in the light approximately 48 hours 
after the emergence of the cotyledons above the soil there is a 
decline not only in the levels of mRNAs coding for chloroplast 
proteins but also in the capacity of the isolated plastids to 
synthesize proteins. 	This decline is not reflected in the rate of 
accumulation of native RuBPCase which continues to be maintained 
at the same rate during this period. 
Chapter 1. Introduction 
(I) The Chioroplast as a Semi-Autonomous Organelle 
The chloroplast, which in higher plants has the unique function 
of carrying out photosynthesis, is a semi-autonomous organelle. 
This being said, the chloropl'ast, like the mitochondrion (reviewed 
in Schatz and Mason, 1 974; Borst and Grivell, 1978) contains 
all the components theoretically required for complete autonomy. 
This has been discussed extensively in books (Kirk and Tilney-
Bassett, 1967; Miller, 1970; Sager, 1972; Gru.n, 1976) and 
reviews (Levine and Goodenough, 1970; Tewari, 1971; Walles, 1971; 
Woodcock and Bogorad, 1971; Giliham, 1974; Ellis, 1976; Adams 
et al., 1976; Schmidt and Lyman, 1976; Ellis, 1977; Kung, 
1977; Gillhain et al., 1978) hence only a brief description of 
the genetic machinery of the chloroplast will be presented here. 
Although a wealth of genetic evidence suggested that in 
Chlajnydomonas reinhardi many genes that control chioroplast 
functions were located in the nucleus (Surzycki etal., 1970), 
the demonstration that chioroplasts contain DNA (Ris and Plaut, 
1962) and their own complement of ribosomes (Lyttleton, 1 9 62 ). 
stimulated interest in the possible genetic autonomy of 
chloroplasts. 
The replication of chioroplast DNA was first demonstrated 
in Chlamydomonas reinhardi (Chiang and Sueoka, 1967) and what 
are thought to be replicative intermediates of chioroplast DNA 
in higher plants have been studied by electron microscopy 
(reviewed in Bedbrook and Kolodner, 1979). Complementing these 
studies came the demonstration of DNA polymerase activity in the 
-1 
chioroplasts isolated from Spinach (Spencer and Whitfeld, 
1 967) and Tobacco (Tewari and Wildman, 1967), and the partial 
purification of a chioroplast DNA polymerase from Euglena 
gracilis (Keller et al., 1973). 	An RNA polymerase has also 
been partially characterised from Maize chloroplasts (Bottomley 
et al., 1971a, 1971b). 
Chioroplasts contain their own protein syntesizing machinery,). 
70S ribosomes are located in the chioroplast whereas 80s ribosomes 
are present in the cytoplasm. The presence of chioroplast 
polysomes was first described by Clark (1964). The differences 
between the chloroplast and cytoplasmic ribosomes are reflected 
in their differential sensitivity to inhibitors of protein synthesis 
and, as will be described later, this characteristic has been 
exploited extensively. That chloroplast ribosomes contain RNA 
that is;distingaishable from cytoplasmic ribosomal RNA was first 
demonstrated by Stutz and Noll (1967) while Loening and Ingle 
(1967) showed that the major BNAs of the chioroplast ribosomes 
were 23S and 165. 	Chloroplast ribosomes also contain low 
molecular weight RNAs, a 5S RNA (Dyer and Leech, 1 967; Payne 
and Dyer, 1971) and a 	RNA (Whitfeld et al., 1976; Dyer 
et al., 1977). 	The 23S, 5S and 4.S RNAs are components of 
the 50S chioroplast ribosomal subunit and the 16s is a component 
of the 30S subunit (Dyer and Bedbrook, 1979). 
DNA-RNA hydridization studies démonstratë- that chloroplast 
DNA contains sequences that are complementary to chioroplast 
ribosomal RNAs (Tewari and Wildman, 1968), and quantitative 
hybridization studies showed that in several species of plants 
chloroplast DNA contained two 16s and two 23S ribosomal RNA 
2 . 
3. 
cistrons (Thomas and Tewari, 1974). 	Interestingly, several 
reports appeared showing the chloroplast ribosomal RNA 
hybridized to nuclear DNA whereas cytoplasmic ribosomal RNA 
did not hybridize to chioroplast DNA (Tewari and Wildman, 
1968; Ingle et al., 1970). 	This observation has not been 
explained satisfactorily but it raised the possibility that 
chioroplast ribosomal genes are located in the nucleus as well as 
in the chloroplast. 
Chioroplast tRNAs are also found to hybridize to chioroplast 
DNA with a level of complementarity equivalent to a coding capacity 
of 20-30 tRNAs (Tewari and Wildman, 1970). The same authors found 
that tRNAs did not compete with ribosomal RNAs for sites of hybridiz-
ation. They also calculated that the cistrons for both tRNA and 
ribosomal RiAs were contained in 2% of the chloroplast DNA. More 
recent data would suggest that this figure is closer to 7% (Dyer 
and Bedbrook, 1979; Burkard et al., 1979). 
The tRNAs and the aminoacyl-tRNA synthetases that are contained 
in the chloroplast are different from those found in the cytoplasm 
(Burkard et al., 1970, 1979). 	It has been found that the chloroplast 
ribosomes from Euglena, like E. coil, could translate RNA from bacterio-
phage f2 into viral coat protein containing N-formyl methionine 
(Schwartz et al., 1967). 	Later it was shown that Bean chloroplasts 
contain N-formyl-methionine-tRNA (Burkard et al., 1972) and that 
chloroplast methionyl-tRIJA is formylatable in vitro by a 
chloroplast transformylase (Merrick and Dure, 1971). This 
evidence indicates that the initiation of protein synthesis by 
chioroplasts is similar to that in procaryotes in that it uses a 
foraiylated methionyl-tRNA, but distinct from that in the cytoplasm 
)4. 
which uses an unformylated methionyl-tRiIA (Ellis, 1976). 
The elongation factors of chioroplast protein synthesis 
in Chiorella also appear to be distinct from those found in the 
cytoplasm or mitochondria (Ciferri and Tiboni, 1973). 
Thus these diverse studies have indicated that the chioroplast 
contains DNA and the ability to replicate and transcribe it as 
well as its own complement of ribosomes and the capacity to 
synthesize proteins. However, although these studies show 
that the chioroplast contains the apparatus to allow it genetic 
autonomy it is now well established that the chioroplast is not 
an autonomous organelle. This conclusion has been drawn from 
a number of experiments that are reviewed below. 
(a) Studies with Genetic Mutants 
Many of these studies have been carried out with Chiamy-
domonas and have been extensively reviewed (Surzycki et al, 1970; 
Sager and Rainanis, 1970; Levine and Goodenough, 1970; Gillham, 
1974; Bogorad, 197; Bogorad et al. 1977). 
In Chlamydomonas many genes concerned with chioroplast 
structure and function have been found to be inherited in 
a Mendelian fashion and are thus thought to be located in the 
nucleus. Others have been found to be inherited in a uni- 
parental fashion and so are thought to be located in the chioroplast. 
Uniparental inheritance in Chiamydomonas would be unexpected 
because sexual reproduction involves the fusion of 2 gametes each 
containing a chioroplast. Chioroplast fusion has been observed 
(Cavalier-Smith, 1970), suggesting that both copies of parental 
chloroplast DNA are present in the daughter cell. Two models 
5. 
have been proposed to explain uniparental inheritance, as discussed 
by Adams et al. (197 6). 	Sager and Ramanis (197)4 and. Burton et al. 
(1979) have suggested that a modification and restriction 
mechanism, analogous to that found in bacteria, may be active in 
the chioroplast thus removing the chloroplast DNA of the male 
gamete. This removal has also been postulated to take place as a 
result of a mechanism based on the principle of competitive 
exclusion (Giliham et al., 1974).  Those mutations that are 
inherited in a Mendelian fashion include 7 different genes which 
control steps in chloroplyll synthesis, one involving the synthesis 
of phosphoribulose kinase and at least 5 genes concerned with the 
synthesis of components of the chioroplast electron transport 
chain (Surzyki et al., 1970). 
Chlaxnydomonas has been used extensively for the study of 
ribosome biogenesis primarily because Chiamydomonas chioroplast 
ribosomal function is dispensible, the cells can be grown hetero-
trophically using acetate as a source of fixed carbon (for reviews 
see Harris et al., 1974; Bogorad, 1 975; Harris et al., 197 6 ; 
Bogorad et al., 1977 and 1978). 
20 genes concerned with chloroplast ribosomal biogenesis 
have now been identified through the use of appropriate assembly-
defective or antibiotic resistant or dependent mutants. Results 
have indicated that there are a number of genes present both in 
the chloroplast and the nucleus that are involved in chioroplast 
ribosomal biogenesis (Harris et al., 1976). Unfortunately, to date, 
only 2 specific mutations have been found to alter a particular 
protein of a given ribosomal subunit. One has been found to be 
6. 
coded by the nuclear genome, the other by the genome of the 
chloroplast (Bogorad et al., 1978). Although the majority of 
been 
the mutations have not .v- specifically identified their phenotypes 
are similar to those bacterial mutations that are known to alter 
ribosomal proteins (Giliham et al., 1978). However, it is 
conceivable that some nuclear and chloroplast genes identified 
by antibiotic resistance mutations may act directly on ribosomal 
RNA, its processing, or possibly, the processing of a ribosomal 
protein. 
Similar elegant experiments have been carried out to 
investigate the mode of inheritance of the Large and Small subunits 
(LSu and SSu) of RuBPCase using interspecific hybrids of 
Nicotiana (reviewed in Wildman et al., 1973). In these experiments 
the inheritance of a characteristic LSu or SSu was analysed by 
tryptic peptide mapping of the protein subunits present in the 
plants of the Fl generation. It was found that LSu was inherited 
in a uniparental fashion indicating that it was coded by the 
chloroplast genome (Chan and Wildman, 1972), whereas SSu was 
inherited in a Mendelian fashion and hence coded by the nuclear 
genome (Kawashiina and Wildman, 1972). This work has been 
complemented by studies involving isoelectric focussing of carboxy-
methylated RuBPCase and comparison of the isoelectric variants 
of LSu and SSu (Sakano et al., 1974). The application of this has 
produced similar results in Wheat (Chen et al., 197) and indicated 
that ferredoxin (Kwanyuen and Wildman, 197) and aldolase 
(Anderson and Levin, 1970) are both coded for by nuclear genes. 
The tryptic peptide mapping technique has been used to show that 
the apoprotein of the light harvesting complex (chlorophyll a/b 
7. 
binding protein) (Kung et al., 1972), and 2 proteins of the large 
subunit of chioroplast ribosomes are coded by nuclear genes 
(Bourque and Wildman, 1973). However, in the latter case the 
results are not entirely unambiguous. The experiments of Wildman 
and co-workers have been criticised (Gillham et al., 1978) because 
the inheritance of interspecific differences beyond the Fl generation 
was not investigated due to the sterility of Nicotiana hybrids, 
but these experiments do have the advantage of being concerned with 
the differences in tryptic peptides or isoelectric variants, and 
not with the presence or absence of a polypeptide which may be caused 
by other factors (Ellis, 1 97 6). 
Indeed to date no fully convincing proof exists that any 
chioroplast mutation actually results from an alteration in 
chioroplast DNA. The best evidence has been provided by Wildman's 
group. These workers described a white plastome mutant of Tobacco, 
inherited in a imiparental fashion which resulted in variegated 
leaves (Wildman et al., 1973). 	The chioroplast DNA of the plastome 
mutant had differing thermal denaturation characteristics from that 
of the wild-type (Wong-Staal and Wildman, 1973). Analysis of 
hetero duplex mixtures of mutant and wild-type DNA suggested 
that the mutant contains a nonhomologous region consisting of 0-
100 base pairs. With the recent advances in recombinant DNA 
techniques and physical mapping of DNA, more chioroplast mutations 
are amenable to characterisation (for example, see Frankel et al. 
(1979)). 
Extensive studies have been carried out using mutants which 
appear to be variegated or albino due either to impaired expression 
(Hagemann and Bgrner, 1978) or total lack of chioroplast DNA 
j 
(Schiff, 1978). 	Interesting work has also been carried out 
exploiting the fact that when certain higher plants are grown at 
elevated temperatures (320-340C) they become 'heat bleached' 
(Feierabend and Mikus, 1977). This effect is similar to 
temperature sensitive mutations in bacteria and the plants lack 
functional chioroplast ribosomes (Feierabend and Mikus, 1977). 
Although these types of mutations are useful in indicating the 
extent of interaction between the genetic systems of the chioroplast 
and the nucleus, for example, see Hagemann and Bgrner (1978) and 
Feierabend (1978), the primary effect of these mutations remains 
unkriown. 
Nuclear Transplantation in Acetabularia 
With the giant alga Acetabularia nuclear transplantation has 
been carried out using various species to elucidate the possible 
role of the nucleus in coding for chloroplast proteins. Nucleate 
rhizoids of one species were transplanted onto enucleate fragments 
of another species and it has been shown that the species specific 
protein pattern changes under the influence of the nucleus. In 
this way it was shown that malic dehydrogenase (Schweiger et al., 
1967), lactate dehydrogenase (Reuter and Schweiger, 1973), and 
chioroplast membrane proteins (Apel and Schweiger, 1972) were coded 
for in the nucleus. 
Antibiotic Inhibition of Protein Synthesis 
It is now well established that chioroplast protein synthesis 
is inhibited by some antibiotics which inhibit procaryotes (Boulter 
et al., 1972). 	These antibiotics include spectinomycin, lincomycin, 
9. 
erythromycin and the D—threo isomer of chioroamphenicol (Ellis, 1969, 
1970). Whereasa ion uptake, oxidative phosphorylation and photo-
phosphorylation are inhibited by all four stereoisomers of 
chioramphenicol, inhibition of protein synthesis by isolated 
chioroplasts is specific to the D—threo isomer (Ellis, 1969). 
This allows a check on the non—specific action of chioramphenicol 
on other cellular processes. 	On the other hand. 80S ribosomes are 
inhibited by cycloheximide (Ennis and Lubin, 1964) which does not 
affect the activity - Of 	ribosomes (Ellis, 1976). 	Whereas 
the aforementioned experiments indicated which genome codes for 
chioroplast polypeptides, the differential sensitivity of the 
ribosomes of the cytoplasm and the chioroplast to inhibitors has, 
in the absence of specific mutants, allowed tentative identification 
of the polypeptides synthesized on each type of ribosome. 
In Chlamydomonas, where chioroplast ribosomal function is 
blocked by antibiotics (e.g. spectinomycin) deficiencies are found 
in the activities of RuBPCase, photosystem II and electron transport, 
and characteristic alterations are seen in the lamellar organisation 
of the chioroplast (Surzycki et al., 1970). Using concentrations 
of inhibitors which do not inhibit other cellular functions, results 
indicated that chloroplast ribosomal RNA was transcribed from 
chioroplast DNA and that transcription could still be carried out 
after chioroplast protein synthesis had been inhibited for L. 
division cycles. This suggested that chloroplast RNA polymerase 
was synthesized on cytoplasmic ribosomes (Surzycki et al., 1970). 
The same authors showed that in the absence of chioroplast RNA 
synthesis, membrane components of the chioroplast were still present 
and the organelle was still recognisable, albeit disorganised. 
10. 
Similar studies have been carried out using higher plants 
(reviewed by Boulter, 1970; Tewari,  1970; Woodcock and Bogorad, 
1971; Ellis, 1976). 	However, the validity of such experiments, 
as discussed by Woodcock and Bogorad (1971)  and Ellis (1976), 
depends totally on the specificity of inhibitor action on intact 
cells. 
Interpreting results obtained in inhibitor studies with 
caution, Ellis (1976) concludes that most of the proteins of the 
chioroplast are synthesized on the ribosomes of the cytoplasm 
including those soluble proteins of the carbon dioxide reduction 
cycle, ferredoxin and RNA polymerase. Those proteins that are 
synthesized in the chioroplast include RuBPpase, some of the 
chloroplast ribosomal proteins and lamellar proteins including 
photosynthetic cytochromes (Ellis, 1976). 
(d) 	Cell—Free Translation of Chloroplast Proteins 
Due to the limitations of inhibitor studies, cell—free 
translation systems have been used extensively to identify the site 
of translation of chloroplast proteins. Results from inhibitor 
studies are generally consistent in that they indicate that LSu 
RuBPCase is synthesized on the 708 ribosomes in the chioroplast whereas 
SSu is synthesized on the 80S ribosomes in the cytoplasm (for example, 
see Criddle et al., 1970). 	Roy et al. (1973) and Gooding et al. 
(1973) circumvented the limitations of the aforementioned inhibitor 
studies by using M puromycin to both label and release nascent 
polypeptides from 80s and 70S ribosomes of greening Wheat leaves, 
and using antisera to identify the labelled polypeptides. Their 
11. 
experiments demonstrated in vivo association of LSu with 70S 
ribosomes and SSu with 80S ribosomes. 
These studies were extended by Gray and Kekwick (1973, 1 974) 
who showed that cytoplasmic polysomes, extracted from greening 
Bean leaves, synthesized iinmunoprecipitable SSu under conditions 
where initiation of translation did not take place (i.e. a 'poly—
some runoff') in a cell—free system derived from rat liver. 
These results were confirmed using olysomes from greening Wheat 
seedlings in a 'polysome run off' experiment with a Wheat germ 
cell—free system (Roy et al., 1976). These authors also provided 
the first evidence that SSu RuBPCase was synthesized as a precursor 
poiypeptid.e (see later). 
Similar experiments were carried out to locate the site of 
synthesis of LSu RuBPCase. Following the demonstration of 
the synthesis of LSu in an E. coli system directed by chibropiast 
ii (Hartley et al., 197) it was shown that 70S ribosomes from 
greening Barley leaves directed the synthesis of LSu in a 'polysome 
run off' experiment in an E. coil system (Alscher et al., 1976). 
The cell—free systems that have been used to translate 
chioroplast proteins will be discussed in detail later. Here I 
will describe the experiments carried out to indicate in which 
cellular compartment chioropiast proteins are translated. 
Bottomley et al. (1976)  observed that when Spinach total 
leaf RNA was used to programme the E. coil and Wheat germ systems, 
the translation products obtained from each system were qualitatively 
different. Although these authors did not identify any of the 
translation products positively, they concluded that the B. coil 
ribosomes translate selectively the mRNAs of the chloropiast, 
whereas the Wheat germ system translated the mENAs of the cytoplasm. 
This observation has been confirmed by several workers, however, there 
are exceptions, e.g. Euglena RNA which only appears to direct the 
synthesis of LSu RuBPCase in a Wheat germ system and not in an 
E. con system (Sagher et al., 1976). 
Recently DNA sequencing data has been presented which may 
explain the apparent selection for translation of higher plant 
chioroplast RNA by the E. coli ribosomes and Euglena chloroplast 
RNA by ribosomes of the Wheat germ system. Schwartz and Kssel 
(1979) have sequenced the DNA coding for the 3' terminal region 
of Maize 16S chloroplast ribosomal RNA. Comparing this with 
the sequence of DNA coding for the same region of E. coli 165 
ribosomal RNA (Brosius et al., 1978; Carbon et al., 1978), there 
was found to be extensive homology. It is this region which 
is thought to interact with the initiation sequences of procaryotic 
in1A by means of base pairing (Shine and Dalgarno, 1974; Steitz 
and Jakes, 197). In contrast the 3' terminus of Euglena 16s 
chloroplast ribosomal RNA does not appear to be complementary 
to the initiation sequence of procaryotic mRNA (Schwarz, Kgssel 
Graf and Stutz, unpublished results). However, it is worth 
pointing out that Maize chloroplast RNA has defied. numerous 
attempts at translation in an E. ccli translation system (D. Coen, 
personal communication). 
The Wheat germ system has been shown to synthesize a number 
of chloroplast polypeptides thought to be translated in the cyto-
plasm. 	These include the SSu RuBPCase (Dobberstein et al., 1977; 
Highfield and Ellis, 1978), chlorophyll a/b binding protein 
(Apel and Kloppstech, 1978a Schmidt et al., 1979), ferredoxin 
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(Huisman et al., 1978), and preliminary results would indicate 
that thee and t subunits of chioroplast ATPase (or coupling 
factor cF 1 ) are also synthesized in the system (Price, Watanabe and 
Zeilinski, unpublished results). However, probably the most 
important contribution of the studies using the Wheat germ system 
has been to show that these polypeptides are made as precursors 
in vitro, as will be discussed in a later section. 
(e) Identification of RNA and Protein Synthesized by Isolated 
Chloroplasts. 
A more direct method of investigating the protein synthesizing 
capacity of chioroplasts is to identify the RNA and protein 
synthesized in vitro in isolated chloroplasts. If transcription 
were coupled to translation it would be possible to state that 
the RNAs and proteins that are synthesized in vitro are coded for 
by chloroplast DNA. However, as described by Ellis (1976), 
transcription and translation in isolated chloroplasts are not 
coupled. Thus it is not possible to state per se that RNA and 
protein synthesized in vitro are coded for by chloroplast DNA. 
The major product of RNA synthesis in isolated chloroplasts 
is thought to be the precursor molecule of the chloroplast 
ribosomal RNA (Hartley and Ellis, 1973). Recently it has been 
shown that this is indeed the case and that the precursor RNA 
contains the 23S and 16s ribosomal RNA sequences and a spacer 
sequence (Hartley and Head, 1979) and also the LS ribosomal 
RNA (Hartley, 1979). The pathway by which 5S ribosomal RNA is 
accumulated is not known (Hartley, 1979). As mature 23S and 16S 
ribosomal RNA is not found to be synthesized in vitro presumably 
either the processing activity of the chioroplast is disrupted on 
isolation or cytoplasmic factors are constantly required for 
processing to take place. 
It has also been shown recently that isolated chioroplasts 
synthesize RNA containing tracts of Poly (A) of between 10-45 (A) 
nucleotides (Bartoff and Price, 1979). As will be discussed later, 
although the major RNAs of the chioroplast do not appear to contain 
Poly (A) sequences (Wheeler et al., 1975), 0.51/6 of total Maize 
chibroplast RNA contains Poly (A) sequences of on average 45 
nucleotides length (Eaff and Bogorad, 1976). Whether the poly (A) 
containing RNA synthesized in vitro in isolated chioroplasts is an 
mRNA remains to be seen. 
It has been known for some time that isolated chioroplasts 
could incorporate amino acids into protein in vitro (Eisenstadt and 
Brawerman, 1964; Spencer and Wildman, 196)4). This fact has been 
used to investigate the effect of inhibitors on chioroplast protein 
synthesis (Ellis, 1969, 1970). 	Light-driven protein synthesis 
in isolated chioroplasts was demonstrated by Ramirez et al. (1968). 
Subsequently, there appeared reports tentatively suggesting that 
RuBPCase was synthesized in vitro in isolated chloroplasts 
(Margulies, 1970; Harris et al., 1973). 	These studies have 
their limitations and have been reviewed (Woodcock and Bogorad, 
1971; Boulter et al., 1972) and the experimental results were 
inconclusive. 
Ellis and co-workers improved and characterised the conditions 
required for isolated chloroplasts to synthesize discrete polypeptide 
molecules (discussed in Ellis, 1976, 1977). 	The first definitive 
identification of a chloroplast polypeptide synthesized in vitro 
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in isolated chioroplasts was provided by Blair and Ellis (1973). 
These authors convincingly showed, by tryptic peptide mapping, 
that the major soluble product of isolated Pea chioroplasts 
was LSu RiiBPCase0 It was later shown by the same group that at 
least 5 membrane-bound and 2 envelope polypeptides were synthesized 
in vitro (Eaglesha.m and Ellis, 1974; Joy and Ellis, 1975). 
These observations have been confirmed by other workers using 
isolated Spinach chloroplasts. They report that amongst the 
in vitro products there are at least L soluble and 9 membrane-bound 
polypeptides (Bottomley et al., 1974),  or 2 soluble and 8 membrane-
bound polypeptides (Morgenthaler and Mendiola-Morgenthaler, 1976). 
Both-groups reported that the major soluble product of the isolated 
chloroplast co-migrates on SDS-polyacrylamide-gel electrophoresis 
with LSu RuBPCase. 
A major membrane-bound polypeptide product of in vitro synthesis 
in isolated Pea chioroplasts has a molecular weight of aproximately 
32,000 and has been called'Peak D' (Eaglesham and Ellis, 1974). 
This is generally a prominent product and is synthesized when 
chioroplasts appear to be mature and have stopped synthesizing 
LSu RuBPCase (Sidd.ell and Ellis, 1 975). The labelled polypeptide 
does not appear to correspond to a stained polypeptide on SDS-
polyacrylamide-gel electrophoresis. These observations suggest 
that the 32,000 N polypeptide does not accumulate in the chioroplast 
but turns over rapidly (Ellis, 1977). 	The 32,000 Mr  polypeptide 
was also thought to be a major product of the E coil translation 
system programmed by chioroplast RNA (Hartley et al., 1975), its 
mRNA appearing not to contain a poly (A) sequence (Wheeler and 
Hartley, 1975). 
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More recently it has been shown that the 32,000 N polypeptide 
is synthesized in isolated Pea chioroplasts as a 34,000 N precursor 
which can be processed in vitro (Ellis and Baraclough, 1978). This 
work has been complemented by studies using isolated Maize 
chioroplasts (Grebanier et al., 1978). 	These authors showed, by 
limited proteolytic digestion, that a 34,500 N precursor to the 
32,000 N polypeptide is synthesized in vitro. However, in this 
case, the isolated chioroplasts were unable to process this 
precursor. These results would suggest the need for caution in 
the identification of polypeptides that are synthesized in isolated 
chioroplasts. Thelabelled polypeptides may be unprocessed 
precursors to mature chioroplast polypeptides. 
It has been shown that the major thylakoid polypeptide 
labelled in vivo in Spirodela oligorrhiza is a 32,000 N polypeptide 
that is made as a 33,00 Mr  precursor (Edelman and Reisfeld, 1978; 
Edelman et al., 1979). 
The 32,000 Mr  polypeptide has defied formal identification. 
It appears to be deeply embedded in the thylakoid membranes of the 
chioroplasts (Ellis and Barraclough, 1978) and is possibly associated 
with chloroplast ATPase (Ellis et al., 1977). It does not appear 
to be associated with the stacking of grana or the synthesis of 
chlorophyll a/b binding protein (Ellis and Barraclough, 1978). 
It has been shown that isolated Spinach chioroplasts 
synthesize 3 of the 5  subunits of the chioroplast ATPase 
(Nendiola-Morgenthaler et al., 1976) and this has been confirmed using 
Pea chioroplasts (Ellis, 1977). 	Identification was provided by 
co-migration with markers on SDS-polyacrylamide-gel electrophoresis 
of proteins removed from labelled thylakoid membranes of isolated 
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chioroplasts by treatment known to elute ATPase. This finding has 
been confirmed more recently by Grebanier et al. (1978). These 
workers, using limited proteolytic digestion, identified theCL and 
subunits of ATPase as being products of protein synthesis in 
isolated Maize chioroplasts. 
A number of the more minor products of protein synthesis in 
isolated chioroplasts have now been identified. These are the 
elongation factors of chloroplast protein synthesis, EPG and EFT  
(Tiboni et al., 1978)  and cytochrome f (Doherty and Gray, 1979). 
It has also been reported that isolated chioroplasts synthesize 
cytochrome b 9 (Zielinski and Price, 1977), the dicyclohexycarbid-
iimide binding protein (Doherty and Gray, unpublished results) and 
the apoprotein of chlorophyll protein complex I (Zielinski and Price, 
unpublished results). 
The majority of proteins synthesized in isolated chioroplasts 
remain unidentified. Autoradiographs of the labelled soluble 
translation products of isolated chloroplasts fractionated by 
2-dimensional-gel electrophoresis (O'Farrell, 197) reveal at 
least 80 radioactive 'spots' (Ellis et al., 1977). 	Unfortunately, 
this method has not been modified to allow resolution of the membrane-
bound polypeptides. However, the 2-dimensional-gel technique 
can only be considered to give an indication of the possible 
translation potential of the chloroplast. The technique will 
resolve polypeptides coded for by one gene but with different 
isoelectric points (for example, LSu), and individual 'spots' 
may arise from the modification of polypeptides during protein 
preparation. Also the recovery of polypeptides in the second- 
dimension gel may be as low as 401/6 due to exclusion of polypeptides 
from the first-dimension (isoelectric focussing) gel (Peterson 
and McConkey, 1976). 
(f) Physical Mapping of Chloroplast DNA 
When coupled with methods to identify specific gene products 
the most direct way of determining the coding capacity of 
chioroplast DNA is to physically map the positions of genes on 
chioroplast DNA. This has lately become possible using 
recombinant DNA techniques and the rapid progress in this field 
has been reviewed recently (Bedbrook and Kolodner, 1979). 
As previously described, hybridization studies indicated that 
chioroplast ribosomal RNA cistrons were present in chioroplast 
DNA. Physical mapping studies have confirmed this and the ribosomal 
RNA genes of Maize (Bedbrook and Bogorad, 1976; Bedbrook et al., 
1977), Spinach (Hobom et al., 1977; Whitfeld et al., 1976; 
Whitfeld et al., 1978), Chiamydomonas (Rochaix and Nalno, 1978b; 
Rochaix, 1978) and Eüglèna (Gray and Hallick, 1978, 1979; Jenni 
and Stutz, 1978). The maps of chioroplast DNA obtained by these 
studies confirm that 2 copies of the genes for 23S and 16S RNA 
are present in Maize, Spinach and Chiamydomonas. The ribosomal 
genes are clustered in 2 sets, each set containing a 16S and 
23S gene, as well as the genes for low molecular weight ribosomal 
RNAs, and the sets are arranged in an inverted repeat. The 
inverted conformation is probably not strictly required for gene 
function because in Pea the 2 sets of genes are arranged in a 
tandem repeat (Chu and Tewari, submitted for publication, Kolodner 
and Tewari, 1979), as are the 3 sets of ribosomal genes in 
Euglena (Gray and Hallick, 1978; Jenni and Stutz, 1978). 
-lb. 
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The physical maps of the ribosomal RNA show that the order of the 
genes is 16S-23S-S, the same as that found for E. coli ribosomal 
RNA genes (Lund et al., 1976). 
The chioroplast tRNA genes have been mapped on chloroplast 
DNA from Spinach (Steinmetz et al., 1978; Burkard et al., 1979), 
Euglena (Hallick et al., 1978) and Chiamydomonas (Malno and Rochaix, 
1978). Direct evidence has been provided suggesting that 
chioroplast DNA contains the structural gene for LSu RuBPCase in 
Chlainydomonas (Gelvin et al., 1977; Rochaix and Malnog, 1978a), 
Maize (Coen et al., 1977)  and Spinach (Bottomley et al., 1979). 
These experiments have involved in vitro transcription and trans-
lation of total chloroplast DNA (Bottomley et al., 1979) or specific 
fragments of chioroplast DNA which have been cloned. The most 
convincing evidence has been provided by Bottomley et al. (1979), 
who found that LSu Ru.BPCase was a major product of an E. coli trans-
cription and translation system programmed with Spinach chioroplast 
DNA. The in vitro synthesized LSu has a limited proteolytic digest 
profile which is identical with authentic LSu. However, these 
authors were unable to show that the in vitro synthesized LSu was 
precipitable with antisera raised against RuBPCase. 
Coen et al. (1977) showed that a 4000  base pair fragment of 
Maize chioroplast DNA programmed the synthesis of a polypeptide, which 
was immunoprecipitated by antisera raised against RuBPCase, in a 
transcription and translation system consisting of E. coli RNA 
polymerase and a rabbit reticulocyte lysate. Further identification 
was provided by protéolytic digestion of the labelled polypeptide 
product although this data was not entirely unambiguous. 
20. 
The data derived from work with Chiamydomonas chioroplast DNA 
is not so persuasive. The original data from Howell's group 
(Gelvin et al., 1977) has been called into doubt (Howell, 1978). 
Also, as will be discussed later, the E. coli translation system 
used to identify the LSu rnRNA did not appear to translate mRNA 
efficiently and did not provide convincing evidence of correct 
translation of LSu mRNA. More recently, Rochaix and IVIalno (1978a) 
have shown that a cloned chioroplast DNA fragment programmed the 
synthesis in the E. coli system of polypeptides smaller than LSu 
which could be immunoprecipitated using antisera raised against 
RuBPCase. Tryptic peptide map -ping indicated that one of the 
irnmunoprecipitated polypeptides shared partial identity with authentic 
LSu. 
Using techniques similar to those of Coen et al. (1977) 
described above, it has been shown that chioroplast DNA contains 
the structural gene of the 32,000 Mr  chioroplast membrane-bound 
polypeptide (Bedbrook et al., 1979a), which is synthesized in vitro 
as a 34,500 Mr precursor. 
Preliminary evidence which has been presented could indicate 
that the elongation factors of chioroplast protein synthesis 
are coded for by chioroplast DNA (Ciferri et al., 1979). 
Summary 
The literature reviewed above indicates that although the 
chioroplast contains all the components theoretically required for 
autonomy, it is only a semi-autonomous organelle. 
Many chioroplast proteins are coded for by the nucleus and 
synthesized in the cytoplasm. These include: SSu RuBPCase, 
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chlorophyll a/b binding protein, the if and Tsubunits of chioroplast 
ATPase, ferredoxin, malic and lactate dehydrogenases, aldolase, 
chioroplast RNA polymerase and some chioroplast ribosomal proteins. 
The majority of genes present in chloroplast DNA remain to be 
identified. To date chioroplast DNA has been shown to contain 
the genes for LSu RiiBPCase, the 32,000 Mr  chioroplast membrane 
polypeptide, LipS transfer RNAs and the 236, 16s, 5S and 4.5 ribosomal 
RNAs. Amongst the proteins synthesized in isolated chioroplasts 
are the ., ft and t subunits of chloroplast ATPase, the protein 
synthesis elongation factors G and T, cytochromes f and b 9 
and the dicyclohexycarbidiimide binding protein and the apoprotein 
of chlorophyll protein complex I. 
(II) The Transport of Genetically Coded Molecules Across 
Chioroplast Membranes 
(a) Transport into the Chloroplast 
The evidence outlined above shows that many chloroplast proteins 
are synthesized in the cytoplasm, which raises the question of how 
these proteins enter the chloroplast. This question is also 
applicable to mitochondrial proteins synthesized in the cytoplasm 
and the whole topic has been reviewed recently (Chua and Schmidt, 
1979; Schatz, 1979). 
Interest in the transport of cytoplasmically synthesized proteins 
into the chloroplast was stimulated by the finding that the Wheat 
germ translation system synthesized the Wheat 12,000 Mr  SSu RuBPCase 
and Chiamydomorias 16,00 Mr  SSu as a 20,000 Mr  precursor, when 
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programmed with Wheat polysomes and Chiamydomonas poly (A) RNA 
respectively (Roy et al., 1976; Dobberstein et al., 1977). 	In 
both cases the 20,000 precursor (PSSu) was immirnoprecipitated 
by antisera raised against SSu RuBPCase. The latter authors 
found that SSu was the product of the Wheat germ system programmed 
by free polysomes, the PSSu being 'processed' by an endoproteolytic 
activity present in the polysome preparation. It was shown that 
the endoproteolytic activity present in ribosomal supernatants 
'processed' PSSu producing SSu and a small fragment more recently 
called the 'transit peptide'. 	These results have since been 
confirmed (Roy et al., 1977; Cashmore et al., 1978). 
This work was followed by the demonstration of a precursor 
to SSu synthesized in vitro under the direction of ooly (A) containing 
RNA from Pea (Highfield and Ellis, 1978; Cashmore et al., 1978; 
Chua and Schmidt, 1978) Spinach (Chua and Schmidt, 1978) and Lemna 
(Tobin, 1978). 	Gashinore et al. (1978) demonstrated that Pea 
poly (A) B1'TA directed the synthesis of PSSu which contained triyptic 
peptides in common with SSu. 
Highfield and Ellis (1978 ) demonstrated that PSSu could be 
'Processed' by isolated chloroplasts and that the processing 
apparently coincided with the transport of SSu into the chloroplast. 
These authors showed that processing and transport took place in 
the absence of protein synthesis. This has been confirmed by 
Chua and Schmidt (1978) who showed that, whereas PSSu synthesized 
in a Wheat germ system programmed by Pea and Spinach poly (A) 
RNA could be processed by chloroplasts isolated from either Pea 
or Spinach, PSSu programmed by Chiamydomonas poly (A) RNA could 
not. This suggests evolutionary divergence in the processing and 
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transport of PSSu between lower and higher plants. These authors 
also showed that the processed SSu entered the assembled RuBPCase 
holoenzyme inside the chioroplast. This has been confirmed by 
Smith and Ellis (1979) who also demonstrated that the processing 
activity was located in the stromal phase of the chioroplast. 
These studies have been complemented by the finding that 
cytoplasmically synthesized chlorophyll a/b binding protein 
(Kung et al., 1972; Machold and Aurich, 1972) was synthesized in 
a Wheat germ system, programmed by poly (A) RNA from greening 
Barley, as a precursor 14000 daltons larger than the mature protein 
(Apel and Kloppstech, 1978a). Recent results by Schmidt et al. 
(1979) have shown that the chlorophyll a/b binding protein from 
Pea is composed of two immunologically and structurally related 
polypeptides (proteins 15 and 16). 	These polypeptides are also 
synthesized as precursors (Pig, P16) in vitro and can be processed 
by isolated chlbroplasts. In the same series of experiments 
these authors also noted that a number of other in vitro products 
were also processed and transported into isolated chioroplasts 
and integrated into chloroplast membranes. It is possible that 
one of these polypptides was ferredoxin which is known to be 
synthesized as a precursor in a Wheat germ system directed by 
Ri'TAs from several plants (Ruisman et al., 1978). 
To date the mechanism by which these precursor polypeptides 
enter the chioroplast is unknown. About 20 polypeptides destined 
for passage through cell membranes have been found to be synthesized 
as precursors. A model has been proposed to explain the passage 
of proteins across membranes for secretion. This has been termed 
the 'Signal Hypothesis' (Blobel and Dobberstein, 1 975), and it has been 
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substantiated by experimental results. Many proteins that pass 
through or are bound to cell membranes are synthesized as 
precursors with a lipophilic 'signal peptide' (Devillers-Thiery 
et al., 197; Habener et al., 1978). 	The polysomes that are 
synthesizing these polypeptides become membrane-bound after the 
synthesis of the N-terminal 'signal peptide' (Blobel and Dobberstein, 
197a, b; Shore and Harris, 1977; Shields and Blobel, 1978; 
Warner and Dobberstein, 1978). The 'signal peptide' is thought 
to penetrate the membrane, allowing co-translational passage of 
the protein through it, and is then cleaved by a specific, membrane-
bound peptidase (Jackson and Blobel, 1977; Chang et al., 1978). 
The remaining portion of the polypeptide is co-translationally 
passed through the membrane after which it may undergo post-
translational modifications, e.g. glycosylation (Rothman and Lodish, 
1977; Toneguzzo and Ghosh, 1978; Bielinska and Baime, 1978; 
Lingappa et al., 1978). Ovalbumin, lacking an N-terminal signal 
peptide yet transported through a membrane was thought to be 
an exception to the 'Signal Hypothesis' (Palmiter et al., 1978). 
However, recently it has been shown that ovalbumin contains an 
internal 'signal peptide' sequence (Lingappa et al., 1979). 
However, the data described here concerning the transport 
of cytôplasmically synthesized polypeptides into the chioroplast 
cannot be explained by the 'Signal Hypothesis' largely because 
PSSu appears to be synthesized on soluble polysomes and transport 
and processing appears to take place in the absence of protein 
synthesis (Chua and Schmidt, 1979; Ellis, 1979). 	One model to 
explain the passage of proteins into the chloroplast is the 
'Envelope Carrier Hypothesis' (Blair and Ellis, 1973; Highfield 
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and Ellis, 1978; Smith and Ellis, 1979; Ellis, 1979). 	This 
proposes that there is a specific carrier protein orientated 
within the chloroplast envelope in such a way that a segment of 
the bound PSSu is exposed to the stromal protease. It is suggested 
that removal of a basic segment of the PSSu triggers a conformational 
change in the primary structure of the polypeptide resulting in 
the release of the SSu into the stromal phase of the chioroplast. 
This model remains to be experimentally tested. 
It is thought that the receptor for the PSSu is likely to 
be a polypeptide or a group of proteins because the processing 
and transport activity of chioroplasts can be abolished by pre- 
treatment with protease (Chua and Schmidt, 1978). Processing and 
transport of PSSu has no requirement for chioroplast ribosomes 
because mature SSu is found in heat bleached Rye leaves which do 
not contain chloroplast ribosomes (Feierabend and Wildner, 1978). 
This would indicate that the receptor and processing activities 
are coded for in the nucleus and translated on cytoplasmic 
ribosouies. 	Inhibitor studies suggest that the proteolytic 
cleavage involves the breakage of a disulphide-bridge 
(Dobberstein et al., 1977). These authors draw an analogy 
between the passage of PSSu into the chioroplast and the passage 
of diptheria toxin into cells which may involve the cleavage of 
a disulphide-bridge (Collier, 197). 
Recently it has been suggested that energy is required to 
process and transport polypeptides of the mitochondrion which are 
synthesized in the cytoplasm (Schatz, 1979). The results reviewed 
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here show that all the precursors identified to date are 
approximately 4000-6000 daltons larger than the mature polypeptides. 
When considering the cytoplasmic precursors of mitochondrial 
proteins, the size of the 'transit peptide' is variable (Schatz, 
1979). 	For example, the size of the 'transit peptides' of the 
subunits of Fl ATPase synthesized in the cytoplasm are 6000 daltons 
fort and subunits and 2000 daltons for thesubunit (Schatz, 1979). 
Considering that the mature proteins occupy similar locations 
within the mitochondrion (Sebald, 1977), the difference in 'transit 
peptide' size is not apparently related to the organellar location 
of mature polypeptide. 
DNA sequencing data has shown that the gene in yeast for 
Iso-1-cytochrome c, a polypeptide of the inner mitochondrial membrane, 
synthesized in the cytoplasm, does not contain an expected sequence 
coding for an N-terminal 'transit peptide' (Smith et al., 1979). 
If one assumed that the DNA sequence is complementary to the RNA 
translated in the'cytoplasms, it would appear that this organellar 
protein is not synthesized as a precursor, assuming that an internal 
'transit peptide' is not present. 	Pools of the free apoprotein 
have been detected in the cytoplasm and haem is added post-
translationally (Gonzlez-Cadavid, 1 974). Thus it is tempting 
to speculate that if a conformational change is required to 
transport proteins across organellar membranes, this change may 
be induced by the association of the apoprotein with haem at the 
outer mitochondrial membrane. 
Passage of other gene products (e.g. mRNA, tRNA) from the 
cytoplasm into the chioroplast, although possible, has yet to 
be demonstrated. One report, based on inhibitor studies using 
rifampicin, suggests that the observed lack of inhibition of 
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chioroplast protein synthesis may be due to the import of uiRNA 
from the cytoplasm (Jennings and Ohad, 1972). However, these 
authors do not exclude the possibility that although initiation 
of transcription may be inhibited, chain elongation is not. 
(b) Transport from the Chloroplast 
The passage of genetically coded information from the chioroplast 
to the cytoplasm is disputed and remains to be demonstrated 
convincingly. Data suggesting that this takes place has been 
obtained using mutants that lack or have defective chioroplast DNA, 
and measuring the activities of cytoplasmically synthesized poly-
peptides (Bradbeer et al., 1979). 
Using temperature sensitive mutants of Chiamydomonas which are 
deficient in chioroplast ribosomes it has been shown that these 
are unable to grow in the presence of reduced carbon (i.e. heter-
trophically), indicating that the chloroplast protein synthesis is 
required for growth even when photosynthesis is not essential 
(Hanson and Bogorad, 1978). These findings are in contrast to previous 
results (for example, Harris et al., 1974) and highlights the 
problems involved in using mutants where the primary effect of 
the mutation is not known. For example, in bleached Rye leaves 
lacking chioroplast ribosomes, levels of cytoplasmically synthesized 
enzymes, including SSu RuBPCase, appear unaffected (Feierabend, 1978), 
whereas this is apparently not the case with Barley chioroplast DNA 
mutants lacking chioroplast ribosomes (Bradbeer et al., 1979). 
- 	It has been postulated that photoinduced development of dark- 
grown Euglena is triggered by a blue light receptor located in the 
nucleus and a blue-red light receptor located in the plastid 
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(Schiff, 1978). Red light alone can bring about normal light 
induced development of plastids in Euglena. It would appear 
necessary to postulate that, in induction by red light, the 
chioroplast photoreceptor causes a 'signal' to be sent from the 
chloroplast which overrides the non—plastid blue light receptor 
and induces the cytoplasmic genetic system to develop (Schiff, 
1978). 	The 'signal' however, need not be of genetic origin. 
Ion influx or efflux may be a sufficient stimulus. 
It has been suggested that Euglena tRJAs coded for by the 
chloroplast DNA are selectively exported to the cytoplasm 
(McCrea and Rershberger, 1978). However, more recently this 
has been disputed (Schwartzbach et al., 1979). 
Summary 
There is now convincing evidence that chloroplast proteins which 
are translated in the cytoplasm are synthesized as precursors 
4000-6000 daltons larger than the mature protein. These appear 
to be processed and transported into the chioroplast by a post—
translational mechanism. The transport of other genetically 
coded molecules across chloroplast membranes remains to be 
demonstrated convincingly. 
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(III) 	Chioroplast Development 
From the preceding discussion it is clear that any study 
of the molecular basis of chioroplast development involves the 
elucidation not only of the control of synthesis of individual 
chioroplast components but also the interaction of the two 
genetic systems involved with organelle development. 
Chloroplast development has been intensively studied and 
this interest has been reflected in a recent International Meeting 
(see Akoyurioglou and Argyroudi-Akoyunoglou, 1978) and review 
articles (for example, see Kirk, 1970; Rosinki and Rosen, 1972; 
Bradbeer and Montes, 1976; Leech, 1976). 	In considering 
chioroplast development we need to bear in mind the great diversity 
of photosynthetic organisms and how they adapt to a wide range of 
environmental conditions which might involve adaptation of the 
morphological and biochemical characteristics of the chioroplast. 
The work described in this thesis has been concerned with the 
synthesis of chloroplast proteins in cotyledons during germination 
and early development of Cucumber seedlings. Because of this the 
discussion concerning chioroplast development will be limited to 
higher plants except where morphological and physiochemical 
comparisons with lower plants are made. 
(a) The Development of Chioroplasts from Etioplasts 
Many experimental systems used to study chioroplast development 
involve the greening of dark-grown, etiolated tissue. Thus these 
studies concern themselves with the light induced transformation 
of etioplasts into chioroplasts. However, under natural conditions 
etioplasts are rarely encountered, and under normal diurnal light 
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regimes chioroplasts develop directly from proplastids (Leech, 
1976). It has been argued that chioroplast development from 
etioplasts is simply an environmental variation of the developmental 
pathway of proplastid to chloroplast (Whatley, 1977). However, 
the etioplast itself is at a more sophisticated level of plastid 
development than the proplastid (Leech, 1976). This author 
points out that etioplasts from differing plant sources, or even 
within a single plant, may not be at the equivalent stage of 
development. Indeed it has been suggested that in using etiolated 
higher plant tissues of increasing age, what was considered to be a 
characteristic of plastid development may be more concerned with the 
pathology of etiolation (Schiff, 1978). 
Etioplasts contain many of the components of the chioroplast; 
DNA (Jacobsen, 1968), RNA and ribosomes (Jacobsen et al., 1963; 
Dyer et al., 1971), tRNA and amino acid activating enzymes 
(Burkard et al., 1972), the enzymes of the Calvin cycle (Bradbeer 
et al., 1974), many membrane polypeptides (Grebanier et al., 1979; 
Locksin et al., 1971) including ATPase and components of the 
electron transport chain including cytochromes f, b63, 559LP  
and plastocyanin (Plesniar and Bendall, 1973). Etioplasts 
appear to lack chlorophyll, chlorophyll a/b binding protein and 
P700 chlorophyll a- protein (for review, see Thornber, 197). 
Thus it would appear that chloroplast development from 
etioplasts involves the re-organisation as well as the synthesis 
of components already present in the etioplast and the 
de novo synthesis of chlorophyll and associated proteins. 
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(b) Lit Induction of Chloroplast Development 
The role of light on plant morphogenesis and chloroplast 
development has been studied extensively and has been the subject 
of a recent book, Smith (1976a) and several reviews (Kirk, 1971; 
Zucker, 1972; Mohr and Schopfer, 1977; Schopfer, 1977). 
In angiosperms, chloroplast development involves both 
phytochrome and protochiorophyllide holochrome as photo-
receptors (Zucker, 1 97 2 ). 	Irradiance of these initiates a 
complex chain of events leading to change in chioroplast ultra-
structure (Kirk, 1971) as well as enzyme induction or repression 
(Mohr and Schopfer, 1977). However, although phytochrome action 
has been implicated in effecting the activity of about 50 plant 
enzymes, the primary action of phytochrome remains in doubt 
(Schopfer, 1977). 
Of interest to us is the control phytochrome might exert over 
protein synthesis. Phytochrome has been implicated in regulating 
the synthesis of nucleic acids (Okoloko et al., 1970) and RNA 
olymerase (Bottomley, 1970)  as well as inducing the synthesis of 
RNA (Glyderthoim, 1968; Ingle, 1968b). The latter author found 
that there appeared to be a differential effect of light on cyto-
plasmic and chloroplast RNA accumulation. In Radish cotyledons 
RNA synthesis takes place in the light and the dark. However, 
in dark-grown tissue, light stimulates the incorporation of [3
2~  
phosphate into cytoplasmic ribosomal RNA by 1, whereas the 
incorporation into chioroplast ribosomal RNA is 75% (Ingle, 1968b). 
These findings have been confirmed with greening Bean leaves 
(Dyer et_al., 1971). Light enhances the synthetic activity of 
ribosomes (Williams and Novelli, 1968) and this enhancement is 
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thought to be mediated by phytochrome (Travis et al., 1974), which 
is also probably involved with polysomal formation (Smith, 1976b; 
Klein and Pine, 1975). Light also induces the synthesis of at 
least one tRNA synthetase and several tRNAs (Reger et al., 1970; 
Burkard et al., 1972). 
It is now becoming clear that light effects the accumulation 
of specific mRNAs (Tobin and Klein, 1975; Rosner et al., 1975). 
Recently hybridization data has shown that light initiates a 
complex pattern of chioroplast RNA synthesis in Euglena (Verdier, 
1979a and b; Cheim et al., 1979). 	However, until the identities 
of these RNAs are established the significance of such data is 
limited. 
The use of cell-free translation systems has enabled the 
identification of several mENAs which accumulate in the light. 
These include the mRI'TAs coding for the cytoplasmic precursors to SSu 
RuBPCase (Highfeld and Ellis, 1978; Tobin, 1978) and chlorophyll a/b 
binding protein (Apel and Kloppstech, 1978a; Apel, 1979). 	It has 
been known for some time that plastids isolated from greening Pea 
leaves synthesize the 32,000 Mr  chioroplast membrane polypeptide to 
an increasing extent relative to LSu RuBPCase as greening proceeds 
(Siddell and Ellis, 1975). More recently it has been shown 
that the xnRNA coding for the protein precursor of the 32,000 Mr 
chioroplast membrane polypeptide of Spirodela accumulates in greening 
tissue (Reisfeld et al., 1978; Edelman et al., 1979). 	This work 
has been complemented by the demonstration that in greening Maize 
tissue there are increases in RJIAs which (i) hybridize to specific 
fragments of chioroplast DNA, and (ii) direct the synthesis of a 
34,500  N polypeptide in vitro which is thought to be the precursor to 
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the 32,000 Mr  chioroplast membrane polypeptide (Bedbrook et al., 1978). 
(c) 	Co—ordination of Synthesis of Chioroplast Components 
The synthesis of different chloroplast components during light 
induced development appears to be temporally organised (Pleniar 
and Bendall, 1973). 	Considering that the genetic information coding 
for chioroplast components is located in different cellular 
compartments, there must be elements of control effecting both 
compartments. For example, the synthesis of the apoprotein of - 
the chlorophyll a/b binding protein which takes place in the 
cytoplasm is tightly correlated with chlorophyll synthesis which 
takes place in the chioroplast (Ruler et al., 1973). 	It has been 
proposed that there are two separate light regulation sites involved 
in the assembly of the chlorophyll a/b binding protein (Apel and 
Kloppstech, 1978b; Apel, 1979). 	These authors suggest that light 
via phytochrome induces the accumulation of the mRNA coding for 
the apoprotein in the cytoplasm, whereas phototransformation of 
protochlorophyll(ide) to chlorophyll(ide) takes place in the 
chloroplast. Another example is RuBPCase, the large and small 
subunits of which are coded for and translated in separate cellular 
compartments. There is evidence suggesting that during the cell 
cycle of Chiamydomonas the synthesis of the two subunits is closely 
synchronised (Iwanij et al., 197). However, the previously 
mentioned results of Feierabend and Wildrier (1978) show that the 
synthesis of SSu RuBPCase can take place in the absence of chloroplast 
protein synthesis. These authors also found evidence of a pool 
of free SSu subunits in young tissue. Using protoplasts it has 
also been shown that the synthesis of the two subunits of RuBPCase 
can be uncoupled and that the synthesis of complete RuBPCase can 
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continue after the inhibition of synthesis on cytoplasmic ribosomes 
(Hirai and Wildman, 197; Barraclough and Ellis, 1979). These 
authors suggest that their data indicates that there is a pool of 
free SSu subunits existing in the cell which sustains the synthesis 
of the complete RuBPCase after cytoplasmic synthesis has been 
inhibited. Evidence that there is a pool of free SSu subunits in 
the cell has been presented by other workers (Roy et al., 1978). 
It has been suggested that the rate limiting step in the assembly 
of complete RuBPCase is the synthesis of LSu (Callow, 1974). SSu 
or another cytoplasmically synthesized protein has been implicated 
as being a positive initiation factor for the transcription or 
translation of the LSu gene (Ellis, 197). Although it has yet 
to be experimentally tested, evidence suggests that this control may 
be exerted at the level of transcription (Ellis and Barraclough, 
1978). 
Summary 
Although the study of greening etioplasts provides a useful 
experimental system to investigate chloroplast development, etioplasts 
themselves are highly developed organelles. Light is an inducer 
of chloroplast development, not only activating enzymes but also 
stimulating de novo protein synthesis. Photoreceptors may be 
located in the cytoplasm and chioroplast. However, how these two 
cellular compartments interact during chioroplast development 
remains unclear. 
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(iv) Molecular Aspects of Differentiation and Development in 
Animal Systems 
Levels of Control 
Following the elucidation of gene expression in procaryotes 
(for example, see Lewin (1974)) most of our knowledge of gene 
expression during differentiation and early development has come 
from investigations carried out using animal systems (see 
- Davidson, 1976). A large amount of data has been accumulated 
which suggests that, in general, differentiated cells contain 
the same quantities of DNA and the same complements of DNA sequence 
and that the genes expressed selectively in differentiated cells 
are not present in extra copies (Davidson, 1976). On the whole 
it appears that, when mRNAs are present on cytoplasmic ribosomes, 
the structural genes that code for that mRNA are transcriptionally 
active, and that different cell types may contain, at a particular 
stage of development, different transcriptionally active genes 
(Davidson, 1976). This would suggest that the initial control of 
differentiation and development is at the level of transcription. 
However, as discussed in Palmiter (197), many other levels of 
control are possible and it is probable that all are utilised .to 
some extent (for example, see Guyette et al., 1979). 
Methods of Investigation 
It has been shown in a variety of experimental systems that 
during induction of gene expression (i.e. during differentiation 
and development and/or hormonal induction) increased synthesis of cell 
specific proteins is correlated with an increase in the concentrations 
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of specific mRI'TAs. For example, this appears to be the case in 
the control of synthesis of ovalbuniin (McKnight et al., 197; 
Harris et al., 197), haemoglobin (Ross et al., 1974), fibroin 
(Suzuki and Suzuki, 197)4), and vitellogenin (Shapiro and Baker, 
1977; Baker and Shapiro, 1977). This data was obtained by 
hybridization studies carried out to quantitate the amount of mRNA 
complementary to a specific DNA probe. Hybridization studies' have 
limitations not least because the mRNAs that are quantitated may 
not be rigorously identified as coding for a specific polypeptide. 
This difficulty may be overcome by the use of cell-free protein-
synthesizing systems to translate the specific mRNA into a poly-
peptide that can be identified. 
Caution is required in the interpretation of experiments that 
are carried out using cell-free protein-synthesizing systems to 
assay the accumulation of a specific uiRNA. All mRNA species in 
a particular tissue may not have the same assay requirements, minor 
changes in conditions may have dramatic effects on translation 
efficiencies (Tse and Taylor, 1977). 	It is important to evaluate 
the translation requirements of individual mRNAs with respect 
to Mg 2-i- and K ion levels (Tse and Taylor, 1977; Benveniste, 
et al., 1976). Suboptimal ion concentrations may result in 
premature termination of translation of a particular mRNA (Tse 
and Taylor, 1977). Cell-free systems may exert a high degree of 
selectivity in their interaction with mRNA and the translation 
characteristics of isolated mRNAs may not provide an accurate 
reflection of their behaviour in intact cells (Cereghini et al., 
1979). 	Indeed, as will be discussed later, various mENAs may 
exhibit concentration-dependent differences in their peptide 
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initiation rates, Lodish (1974). 	Nevertheless, cell-free systems 
have been used extensively to assay changes, induced by different 
stimuli, in the levels of translatable mRNAs and identify the 
proteins that we coded for by these mRI'TAs, (for example, Paterson 
et al., 1974;  Kurtz et al., 1976; Tata, 1976; Weeks and Collis, 
1976; Shapiro et al., 1976; Chang and Littlefield, 1976; Spencer 
et al., 1976; Reeves, 1977; Alton and Lodish, 1977a and b; 
Sekenis and Scheller, 1977; Gelinas and Kafatos, 1977; Adams 
et al., 1977; Thomson et al., 1978; Goodridge et al., 1979). 
In experiments which have been carried out using both 
hybridization and cell-free systems to quantitate levels of a 
specific rnRNA the data obtained by both techniques is essentially. 
similar. For example, compare the data concerning ovalbumin 
accumulation from Palmiter (1973) with Harris et al. (197), 
vitellogenin accumulation from Shapiro and Baker (1977); Baker 
and Shapiro (1977) with Shapiro et al. (1976), and see Toolé 
et al. (1979) and Hastie et al. (1979). 	It is not clear whether 
the accumulation of mRNA is due purely to increased transcription, 
precursor RNA. processing or a decrease in the degradation of RNA. 
Summary 
Studies using a variety of animal systems have shown that the 
induction of differentiation and development of certain cell types 
involves the accumulation of mRNA coding for specific proteins. 
Studies involving DNA-RNA hybridization and cell-free protein-
synthesizing systems to measure the accumulation of mRNA produce 
similar results. The processes that result in the accumulation 
of inRI'TA remain unclear. 
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(v) 	Cell-Free Protein-Synthesizing Systems 
This thesis concerns itself with the use of in vitro protein-
synthesizing systems to assay levels of translatable mEl'TAs present 
during the development of cotyledons of Cucumber seedlings. The 
use of these systems has already been discussed briefly. However, 
in this section I propose to discuss how these systems have been 
used in detail. Many cell-free protein-synthesizing systems have 
been developed (for examples, see Shafritz, 1977), but those which 
have been used most widely to translate inRI'TAs from plants have 
been the E. coli and Wheat germ sytems. 
(a) 	The E. coli System 
The concept that genetic formation encoded in DNA is transcribed 
into an RNA which serves as a template or 'message' in protein 
synthesis was first introduced by Jacob and Monod (1961). 	It was 
subsequently proposed that the amino acid sequence of proteins was 
determined by the sequence of bases along a particular part of a 
nucleic acid (Crick et al., 1961). 	The first direct evidence that 
this was the case appeared almost simultaneously with the work of 
Nirenberg's group who, used an RNA dependent E. coli translation 
system under the direction of specific synthetic polynucleotide 
templates. For example, they found that polyuridylic acid 
(poly U) stimulated the uptake of phenylalanine, suggesting that 
the codon for phenylalanine is UIJ1J (Nirenberg and Matthaei, 1961). 
Subsequent experiments showed that polyadenylic acid encourages 
the uptake of lysine and polycytidylic acid stimulates incorporation 
of proline (for discussion, see Speyer et al., 1963). 	This work 
has been extended to assign nucleotide sequences to all amino acids 
38. 
(for example, see Nirenberg et al., 1963; Speyer et al., 1963; 
Nirenberg et al., 1966; Khorana et al., 1966). 
Definitive evidence for the presence of a specific mRNA in 
an RNA extract requires the translation of that mRNA by a cell-
free system into a specific polypeptide product (see discussion 
Singer and Leder, 1966). This was accomplished with the translation 
of f2 and R17 bacteriophage RNA into viral proteins by the E. coil 
system (Nathans et al., 1962; Cappechi, 1966). 	A wide selection 
of viral RNAs have been translated in vitro using the E. coli 
system, for example: - MS2 (Nathans et al., 1966; Viuela, 1 967), 
(Saiser et al., 1967), N12 (Konings et al., 1970), Q(Jockusch, 
1970 ; Horuichi et al., 1971), T 3 and T7 (Hercules et al., 1 974), 
PP7 (Davies and Benike, 1974). A coupled transcription and trans-
lation system derived from E. coli has been used to transcribe 
Øx 174 DNA efficiently (Bryan et al., 1969), and translate the 
resulting RNA into phage protein (Gelfand and Hayashi, 1969; 
Hayashi and Hayashi, 1970). 
Because bacteriophage RNA is readily translated by the E. coil 
system this RNA has been used to investigate many aspects of 
protein synthesis. For example, the gene order of viral genomes 
(Konings et al., 1970), the control of translation by product 
feedback repression (Konings et al., 1 970 ; Lodish, 1968), the 
mechanism of the initiation of translation (Clark and Marker, 
1966a, 1966b; Schwartz, 1967; -Lodish and Robertson, 1970) the 
secondary structure of mRNA (Lodish, 1 970 ; Lodish and Robertson, 
1970), the processing of pre-mRNA (Hercules et al., 1967), the 
enzymology of protein synthesis (Nirenberg, 1962) and translation 
termination (Atkins and Gesteland, 1975). 
39. 
Attempts to translate eucaryotic mRNAs in the E.  coli system 
have met with varying degrees of success. Of the mRNAs used in 
the E. coli system the translation of eucaryotic viral products 
have been demonstrated with Avian Mycelobiastosis RNA (Siegert 
et al., 1972),  Poiioviru.s RNA (Warner et al., 1963; Rekosh et al., 
1970), Alfalfa Mosaic Virus (Van Ravenswaay et al., 1 967), 
Satellite Tobacco Necrosis Virus (Clark et al., 196), Rauscher 
Leukemia Virus and Mouse Mammary Tumour Virus (Gielkens et al., 
1972). Two viral polypeptides have been recovered from a trans-
cription and translation system programmed with SVLO DNA 
(Greenenblatt et al., 1976). 	On the other hand there are 
eucaryotic viral RJSIAs that are not translated into viral proteins 
in the E. ccli system for example, TMV RNA. Used to programmed 
the E. coil system PIVIV RNA greatly stimulates the incorporation 
of amino acids into protein (Nirenberg and Matthael, 1961). Indeed, 
what was perhaps the first example of iinmunoprecipitation of in vitro 
translation products indicated that proteins carrying TMV protein 
antigenic determinants were synthesized in vitro (Tsugita et al., 
1 967). Later work however found this not to be the case (Aach et 
al., 19614), and this has since been confirmed by other workers 
(Hap pe and Jockusch, 1973). This then would suggest that the 
proteins that are synthesized upon the addition of TMV RNA are 
spurious. This may be caused by the mis-reading of certain base 
triplets in the TMV RNA as initiators by the E. coli initiation - 
complex. If initiation resulted from mis-reading of TMV RNA, 
one would expect the polypeptides synthesized in vitro to be 
relatively short if one assumed termination signals to follow closely 
the site of false initiation in a randomised base sequence. The 
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poleptic1es synthesized in vitro are relatively large (Schwartz, 
1967), suggesting that the E. coil translation complex does 
not recognise TNV termination signals. 
The correct translation of Rabbit globin mRNA in the E. coil 
translation system has been reported (Laycock and Hunt, 1969) and 
to my knowledge this is the only non-viral, non-organellar 
eucaryotic mRNA whose product has been identified amongst E. coli 
system translation products. 
The use of the E. coil system to translate eucaryotic 
organellar RNAs is a relatively recent innovation. Mitochondrial 
DNA from Rat liver has been used to direct a coupled transcription 
and translation system to yield L. polypeptides that had a similar 
molecular weight to poiypeptides that are synthesized in the 
isolated organelle (Chuang and Weissback, 1 973). This work 
extended the findings of previous workers who had used a 'hybrid' 
system in which Neurospora DNA was transcribed in vitro with E. coil 
RNA polymerase. The RNA was extracted and used to programme a sub-
mitochondrial system to yield 2 polypeptides that co-migrated with 
polypeptides that are synthesized in vitro in isolated mitochondria 
(Biosséy and Kntzel, 1972; K&itzel and Blossey, 197). 	Scragg and 
Thomas (197) showed that a system in which Yeast mitochondrial DNA 
was transcribed by E. coli RNA polymerase, and resultant RNA extracted 
and used to programmed an E. coil translation system, produced 6 
polypeptides. 3 of these poiypeptides were shown by 
immunoprecipitation to be the components of cytochrome oxidase 
(Scragg and Thomas, 1977). This was also found to be the case when 
mitochondrial polyadenylated RNA from Yeast was used to programme 
an E. coil system (Padmanaban, 197). However, the use 
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of the E. coli system to translate mitochondrial RNA has been 
limited. An example of the problem of using the E. coli system 
to translate mitochondrial RNA has been provided by the work 
of Moorman and co-workers. They showed that Yeast mitochondrial 
RNA directed the synthesis of polypeptides that carried the anti-
genic determinants to cytochrome oxidase as well as ATPase (Moorman 
et al., 1976). 	However, electrophoretic analysis of the 
immunoprecipitated polypeptides revealed that complete proteins 
were absent from the translation products and that the translation 
products of the E. coli system bore no resemblance to those 
polypeptides synthesized in the isolated mitochondria (Moorman 
et al., 1977, 1978). Thus doubts still remain concerning the 
identity of the translation products directed by mitochondrial RNA 
in the E. coli system. 
More recently it has been shown that the addition of Ca 
2+  ions 
to the translation mixture leads to a specific enhancement of 
translation of mitochondrial RNA (Halbreich, 1979). It was 
postulated that Ca 
2+ ions effect the secondary structure of the 
mitochondrial RNA improving the efficiency of the translation. 
The first unsuccessful attempts to use the E. coli system to 
translate higher plant chloroplast RNA were made using a linked 
transcription and translation system programmed with Spinach 
chioroplast DNA (W1iitfeld et al., 1 973). 	Later Hartley et al. (197) 
as previously described, were successful in using an E. coli trans-
lation system to translate Spinach RNA. These workers found that 
the major products of the system were proteins of 52,000 and 3, 000 Mr 
which appeared to be analogous to the major proteins synthesized 
by isolated Pea chioroplasts, LSu RuBPCase and 'Peak D' (Eaglesham 
42- 
and Ellis, 1974). Peptide mapping showed that the 52,000 Mr 
protein synthesized in vitro was similar to LSu, but it was 
1 500  Mr smaller than the native protein. The authors suggested 
that this may have been the result of spurious initiation or 
termination of translation in the system, or that the system only 
translated one of the isoelectric variants of LSu. On the other 
hand it may be explained by RNAase activity in the E. coli extract. 
When MS2 EM was used to programme the system, only coat protein 
was detected amongst the translation products. This may have been 
due to the sensitivity of the technique used to analyse the trans- 
lation products but one would expect to see a viral replicase protein 
amongst the translation products (Nathans et al., 1966; Vinuela 
et al., 1 967; Kozak and Nathans, 1972). 	The absence of replicase 
amongst the translation products is indicative of RNAase activity 
in the E. coli extract P. Atkins, personal communication). 
Subsequent work, described elsewhere in this Chapter, using 
the E. coli system has shown that LSu mRNA lacks tracts of poly (A) 
(Wheeler and Hartley, 1975) and that a light inducible EM, also 
lacking poly (A) tracts, isolated from Spir ode la programmes the 
synthesis of proteins in vitro (Rosner et al., 1 975). 
The E. coli system has been used to identify LSu mRNA amongst 
fractionated RNA in attempts to isolate this mRNA from Chiamydomonas. 
However, the results that have been obtained have not been totally 
convincing. Howell et al.(1977a, 1977b) showed that although 
the E. coil system programmed with Chlainydomonas RNA synthesizes 
polypeptid.es which could be immunoprecipitated with antisera raised 
against RuBPCase, the inmiunoprecipitated polypeptides had molecular 
weights of between 1 4, 000  and 18,000. Once more it is probable 
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that RlcAase activity was present in the E. coil extract. More 
recently Sano et al. (1979)  have reported the isolation of LSu 
mRNA identified by translation in the E. coli system. 
(b) The Wheat Germ System 
The cell-free protein-synthesizing system derived from untoasted 
Wheat germ, developed by Marcus and co-workers (Marcus, 1979; 
Marcus et al., 1974)  and modified by Roberts and Paterson (1973), 
has been used to translate a variety of rnRNAs. Originally the 
system was used in a study of the initiation of protein synthesis 
in plants (Marcus et al., 1970; Seal et al., 1972; Weeks et al., 
1972; Klein et al., 1974). 
The Wheat germ system has been used to translate RNAs from 
a widerange of sources, for example, mRNAs coding for globin 
(Efron and Marcus, 1 973), collagen (Benveniste et al., 1976) 9 
viral proteins (Roberts et al., 1973; Higgins et al., 1976) and 
peptide hormones(Cemper et al., 1976; Cox et al., 1976 ; 
Chatterjee et al., 1976). 	The extensive use of the Wheat germ 
system has been reviewed by Shafritz (1977). 
The system has been used to translate BI'TA from a variety of 
plant sources, what proved to be the first report of the isolation 
and in vitro translation of a plant rnRNA used the Wheat embryo system 
to translate leghaemoglobin mRNA (Verma et al., 1 974). Subsequently 
the same group demonstrated the synthesis of cellulase in the same 
system programmed by RNA extracted from auxin-treated Pea 
epicotyls (Verma et al., 1 975). 
The Wheat germ system has been used successfully to investigate 
the existence of 'long-lived' RNA in seeds (for review, see Payne, 1976). 
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Higgins et al. (1976) have used the system to demonstrate the 
hormonal control of the level of translatable mRNA for amylase 
in Barley Aleurone layers. Using the Wheat germ system, the 
in vitro synthesis of several seed proteins has been demonstrated: 
Zein in Maize (Larkins and Dalby, 197; Larkins et al., 1976; 
Jones et al., 1977), Gi globulin in Bean (Sun et al., 1975,  1978; 
Hall et al., 1978), Hordein in Rye (Pox et al., 1977) and the 
storage proteins of Soybean (Beachy et al., 1978), Pea (Higgins 
et al., 1977; Higgins and Spencer, 1979)  and Oat (Lu.the and 
Paterson, 1977). 
In addition, as previously discussed, the Wheat germ system 
has been used extensively to translate mRI\TAs which code for 
proteins which are normally synthesized in the cytoplasm but have 
a functional role in the chioroplast. Also, as previously 
discussed, chloroplast mRI\TAs from Euglena and Spirodela have been 
translated in the Wheat germ system (Sagher et al., 1976; 
Edelman et al., 1979). 
Summary 
The cell-free protein-synthesizing systems described here have 
been shown to translate a wide variety of niRNAs. Of interest to us 
is that the E. coli system can be used to translate chioroplast 
mENAs. On the other hand, the Wheat germ system can be used to 
translate cytoplasmic mBNAs, including those that code for proteins 
with a functional role within the chioroplast. 
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(VI) The Aims and Approach of the Project 
Aims 
The aims of this project were to study the control of synthesis 
of chioroplast proteins during chloroplast development. I have 
been particularly interested in the control of the synthesis and 
accumulation of mENAs that code for chioroplast proteins, especially 
the two subunits of RuBPCase, and how this is related to the 
appearance of the native protein in vivo. 
Approach 
The developmental system chosen for study was the cotyledon 
of Cucumber (Cucumis sativus) seedlings grown either under a 12 hour 
photoperiod or in the dark. Thus with this system I was studying 
the development of the proplastid into chioroplasts or etioplasts. 
Cotyledons exhibiting epigeal germinatipn provided us with a 
useful system to study the development of plastids. The acquisition 
of photosynthetic competence has been studied in the cotyledons 
of Squash (Lott, 1970), and Mustard (Mohr, 1977). Using the 
Cucumber cotyledon system the developmental stages were 
reproducible under defined growth conditions. The cotyledons 
contain a supply of storage material (primarily lipid) providing 
energy prior to the development of photosynthetic competence. 
I also assumed that the development of the photosynthetic apparatus 
in the cotyledons of Cucumber, as in Mustard (Mohr, 1977), reflected 
the corresponding events in young 'true' leaves in every respect. 
In the absence of specific DNA probes for the mRNAs coding 
for LSu and SSu ThiBPCase I used cell—free translation systems to 
assay for changes in levels of translatable mRNAs for these proteins. 
46. 
To carry this out cell-free translation systems derived from 
E. coli and Wheat germ were prepared and optimised to quantitatively 
translate mRNAs present in total RNA extracted from Cucumber 
cotyledons of different stages of light- and dark-grown development. 
I sought to identify LSu and the precursor of SSu (PSSu) 
amongst the translation products of the E. coli and Wheat germ 
systems respectively. Once this had been carried out the amounts 
of LSu and PSSu synthesized in vitro by the optimised translation 
systems programmed with Cucumber cotyledon RNA could be used as an 
assay of the amounts of translatable mflA for those proteins present 
in the fl1A sample. The amounts of radioactively labelled protein 
synthesized in vitro was quantitated by the estimation of radio- 
activity present either in an iinmunoprecipitate using antisera raised 
against the LSu and SSu RuiBPCase or in the polypeptide excised from 
the translation products fractionated by SDS-polyacrylamide-gel, 
electrophoresis. 
Once the changing levels of translatable mRNAs for certain 
polypeptides were known these were related to the appearance of 
both LSu and SSu and native RuBPCase in vivo. Finally as a measure 
of the protein synthesizing capacity of the chloroplasts themselves 
a cell-free protein synthesizing system was optimised using isolated 
chioroplasts from Cucumber cotyledons. The capacity of 
developing chloroplasts to synthesize proteins was investigated 
using plastids extracted from cotyledons from different days of 
Cucumber seedling development. 
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Chapter 2. Materials and Methods 
Section (A) Materials 
(I) Plant Material 
Cucumber Oucumis satiirus (var. Long Green Ridge) 
( 	
Pea Pis -um sativ (var. Feitham First) 
Spinach Spinacia oleracea (var. Miragreen) Lawson Donaldson Ltd. 
Wheat Triticum ruigaris (var. Mans Ranger) a gift from the 
Plant Breeding Institute, Cambridge, U.K. 
Spirodela polyrrhiza cultured in Hoagland's media a kind 
gift from Ms. C. Smart, University of Edinburgh U.K. 
(ii) Bacterial Strains 
Escherichla coil strain: PR7,  RNAase 1, polynucleotide 
phosphorylase and sus 	(Reiner, 1969). 
Escherichia coil strain: CSH 73, Lac, Ara, Leu, Bi 
and sus 	(Miller, 1972). 	Both strains were a gift 
from the Cold Spring Harbor Laboratory, N.Y., U.S.A. 
Staphylococcus aureus: Cowan Serotype 1 NOTC No. 8530. 
A gift from Dr. R. Meagher, University of Georgia, Ga., 
U.S.A. 
(III) Radiochemicals 
L— E5s] methionine specific activity 1005 - 1 400  Ci/mmol, 
obtained as an aqueous solution and stored in 1 mM DTT 
at —80° C. 
[1 c] Protein Hydrolysate, specific activity 57 mCi/rn Atom. 
0 
Obtained as solution, stored at L. C. 
Both were obtained from The Radiochemical Center, Amersham, U.K. 
L8. 
Enzymes 
Pyruvate Kinase, RNAase (A) obtained from Sigma Chemical Co. 
Creatine Phosphokinase obtained from Boebringer Mannheim 
GmbH. 
Spinach Chloroplast ATPase a gift from Professor G. Schatz 
University of Basel, Switzerland. 
Chemicals 
Common reagents were obtained, unless otherwise indicated, 
from BDH Chemicals Ltd. 	"Analar" grade was used except 
Ammonium Sulphate which was "Aristar" grade. 
Acrylamide, used for protein gels, and Tris, Eastman Kodak. 
SDS (especially pure), bis and Acrylamide (especially pure 
for electrophoresis, used for nucleic acid gels) BDH 
Chemicals Ltd. 
PMSF, ATP (Sodium Salt Grade i), TEI'tED, Sucrose, Agarose 
Spermidine, BSA and Cycloheximide, Sigma Chemical Co. 
GTP (Trisodium Salt), PEP (Potassium Salt) and Chloramphenicol, 
Boehringer Mannheim GmbH. 
Calcium Leucovorin, Lederle Division of Cyanamide of G.B. Ltd. 
PPO, International Enzymes Ltd. 
Coomassie Brilliant Blue R, Raymond A. Lamb Ltd. 
Triton X-100, Hopkins and Williams Ltd. 
Butyl - PBD, Intertechnique Ltd. 




MS2 a gift from Dr. J. Atkins, Cold Spring Harbor Laboratory, 
N.Y., U.S.A. 
QA 
R 1 7 
PP7 	
a gift from Dr. J. Davies, John limes 
Institute, Norwich, U.K. 
Cowpea TI'1V 
Wild type TMV 
BMV a gift from Dr. T. Hall, University of Wisconsin, WI., U.S.A. 
Miscellaneous 
L-Amino acids and proteins used for molecular weight markers. 
Sigma Chemical Co. 
Sephadex G-200, Medium and G2, Course. Pharmacia. 
Antisera raised against: 
Spinach SSu RuBPCase. 
Spinach RuBPCase. 
Wheat SSu RuBPCase. 
Spinach RuBPCase linked to Sepharose 14B. 
(a) and (b) were gifts from Dr. W. Bottomley, C.S.I.R.O., 
Canberra City Australia, (c) and (d) were gifts from 
Dr. A. Gatenby, University of Edinburgh, U.K. 
Wheat Basal and Apical Region RNA, a gift from Dr. C.J. Leaver, 
University of Edinburgh, U.K. 
Cucumber cotyledon poly (A) and poly (A) RNA, prepared by the 
method of Aviv and Leder (1972),  a kind gift from 
Ms. B. Weir, University of Edinburgh, U.K. 
o . 
Section (B) Methods 
Cucumber Seedling Growth Conditions and Harvesting 
Seeds of Cucumber were imbibed in the dark at )4 0C for 16 hours 
in distilled water. They were planted in trays of Vermiculite 
(Vermi Peat Ltd.) at a depth of about 1 cm, underlaid with 
John limes Potting Compost No. 1. 	Trays were either kept in 
continuous darkness or illuminated with a 12 hour photoperiod 
with a mixture of fluorescent and incandescent lamps at an approxi-
mate intensity of 600 lux. In both light- and dark-grown 
conditions the temperature was maintained at 26-28 0C for 12 hours 
followed by a night depression to 22 °C for 12 hours. 	Trays were 
watered daily with tap water, in the dark, watering was carried out 
under a green safe light. 	Cotyledons were harvested at daily 
intervals from Day 0 (cold-imbibed only) to Day 7 (light-grown 
seedlings) and from Day 1 to Day 8 (dark-grown seedlings). 
Harvesting was initiated about 1 hour after the onset of 
illumination for the light-grown seedlings. 	Cotyledons were 
harvested onto dry ice and stored at -80°C. 
Pea, Spinach and Wheat Growth Conditions and Harvesting 
These plants were grown under normal greenhouse conditions 
in John limes Potting Compost No. 1. For Pea and Spinach 
expanding first green leaves were harvested, in Wheat, leaves 
from 7-day old seedlings were used. The tissue was used either 
immediately or stored at -80°C. 
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(III) 	Cucumber Cotyledon Protein PreD.aration 
All operations were carried out at Li °C. 	20 cotyledons 
from each day of light- and dark-grown development were ground 
in 8 ml of Grinding Buffer: 50 mM Tris-acetate pH 8.5; 50 mMK 
acetate; 5 mM Mg acetate; 2 mM D;-LIT using a Willem's Polytron, 
(Northern Media Supply Ltd.). The homogenate was poured into 
preweighed centrifuge tubes and the volume estimated by weight. 
1 ml samples are taken and are here referred to as Homogenate 
Proteins. The rest of the homogenate was centrifuged at 10,000 
x g for 15 minutes. The supernatants were removed and are here 
referred to as Supernatants or Soluble proteins. Both Homogenate 
and Supernatant proteins were stored at -20 °C. 
Enzyme, protein and 	 assays were carried out 
using the Homcgenate or Soluble fractions. 
(Iv) Protein Estimation 
The method was based on that of Lowry et al. (1951), whereby 
production of a blue colour relies on the reduction of Folin 
reagent by the amino acids tyrosine, tryptophan, and cysteine. 
Stock Sclutions 
2 .5% (w/v) CuSO )45H 20 . 
69/6 (w/v) Na-K Tartrate. 
69/6 (w/v) Na2CO, in 0.5 N NaOH. 
0.01 N NaOH. 
0.4 N NaOH. 
A standard solution of Bovine Serum Albumin, (BSA), 1 mg/ml 
in 0.4 N NaOE. 
(7) Commercial Folin and Ciocalteu's Phenol reagent diluted 1J\ 
with water. 
Solutions (1, 2 and 6) were stored at 140C; solutions (3, 14 and  5) 
were stored at room temperature and solution (7) was made fresh. 
An appropriate amount of sample to be estimated for protein 
(approximately 20-100 ug) was precipitated in Eppendorf centrifuge 
tubes with an equal volume of 89/6 (w/v) TCA or if a pellet, was 
resuspended in 14% (/v) TCA and left on ice for 20 minutes. 	If 
the sample contained chlorophyll this was removed prior to TCA 
precipitation by the addition of acetone to a final concentration 
of 8 0/c (v/v). Tubes were centrifuged in Micro-Haematocrit 
(Gelman Hawksley Ltd.) or Eppendorf bench centrifuge at 12,000 x g 
for 3 minutes. 	The pellet was washed twice with 14% TCA. 	The 
resulting pellet was hydrolysed in a imown amount of 0.14  N NaOH 
at 1450C for an hour or overnight at room temperature. 	100 ul 
of the resulting solution was assayed. This was made to 1 ml 
by the addition of 0.01 N NaOH. and 1 ml of reagent mixture was 
added. Reagent mixture was made fresh by the addition of solutions 
(i), (2)and (3) in a 1:1:50 ratio. 	After 30 minutes at room 
temperature 1 ml of solution (7) was added while vortex-mixing. 
Samples were allowed to stand at room temperature for 30 minutes 
after which the colouration was measured with a Corning 
Colorimeter 25 2  using a red (600 nm) filter. Protein content 
was determined relative to a calibration curve constructed by 
testing dilutions of solution (6) (o-ioo ug). 
(v) 	Chlorophyll Estimation 
Chlorophyll was extracted by solubilisation in 8 acetone 
and was quantitated by determining the absorbance at the absorption 
maxima for chlorophylls a and b and applying an equation which 
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related absorbance to the amount of chlorophyll in the acetone 
extract. 
Routinely, 1 ml of Supernatant was added to 20 ml acetone 
and filtered. 	1 ml of 0.05 M phosphate, pH 7.5 was also added 
to 20 ml acetone and filtered, this serves as a blank. 	The 
absorbance of the extract, read against the 'clank, was obtained 
at A615 and A663 using a Pye Unicam SP8-100 Spectrophotometer. 
Quantitation of the concentration of chlorophyll in the 
acetone extract (in mg/ml) was obtained using the equation 
20.2 	
645 	
+ 8.02 (A663 ) 
Chlorophyll estimations can be carried out on smaller amounts 
of starting material if required. When a large number of chlorophyll 
estimations were being carried out it was more convenient to 
centrifuge the extract at 1,500x g for 10 minutes in a Gallenkamp 
Junior Bench Centrifuge, than carry out the filtration step. 	The 
absorbance of the supernatant being determined. 
(VI) 	SDS-Polyacrylamide-Gel Electrophoresis of Proteins 
Polyacrylamide-gel electrophoresis was carried out using 
modifications of the method of Laemmli (1970). 	Slab gels were 
used essentially as described byLaemmli and ?avre (1973), using 
two glass plates, 18 x 22 x 0.4 cm and 18 x 20 x 0.2 cm separated 
by Perspex spacers lightly coated with vacuum grease. The 
dimensions of the side spacers were 18 x 1 x 0.1 cm and the 
bottom spacers 18.5 x 1 x 0.1 cm. 	The assembled glass plates 
were held in position by bulldog clips. 
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Stock Solutions 
(i) 	Acrylamide: 	3 	(w/v) Acrylamide, 0.2% (w/v) bis-acrylamide 
Stock Buffers: 	(a)xS Separating-gel Buffer: 1.875 M 
Tris-HCl pH 8.8. 
(b) x 10 Stacking-gel Buffer: 0.6 N Tris- 
HC1 pH 6.8. 
Electrophoresis Buffer: 0.05 N Tris, 0.3814 N Glycine, 0.1% 
(w/v) SDS. 
(14) 	10P/0 (w/v) SDS. 
10/16 (w/v) AMPS. 
TENED. 
Protein Sample Buffer: 	60 mM Tris-HC1 pH 6.8, 2% (w/v) SIS, 
5°/ (v/v)fl-rnercaptoethanol, 101/c (/v) Sucrose, 0.00196 Bromo-
phenol blue. 
Solution (i) was filtered, stored in the dark at 140C and used within 
2 weeks of preparation, solutions (2a) and (2b) were made fresh each 
week and stored at 140C, solutions (3) and (5) were made fresh, 
solutions (14) and (6) were stored at room temperature at 140C 
respectively and solution (7) was made a xL strength and stored 
at -20° C. 
Slab gels of 50 ml total volume consisted of 140 ml of 
separating gel: 0.375 N Tris-HC1 pH 8.8, 0.1% SDS, 20 tl TED 
200 4 10°/o AMPS with the appropriate amount of Stock Acrylamide 
to give a final concentration of either i% or 20%e 	The Acrylamide, 
Tris and distilled water were mixed, degassed using a vacuum pump 
before the addition of the SDS, TEI'D and AMPS. 	This was then cast 
into the gel apparatus. 	Once cast the separating gel was gently 
over-laid with water. When set, the water was removed from the 
top of the gel and 10 ml of the stacking gel were cast on top of 
the separating gel. The stacking gel consisted of: 0.06 M 
Tris-411-C1, pH 6.8, 0.01% SDS, 15 41 TD, 100 4 10°/ AiS and 
Acrylamide to produce a final concentration of 5%. A Perspex 
slot former, producing either 10 or 20 slots, was then carefully 
inserted into the stacking gel and the gel left to polymerise. 
Once polymerised, the slot former and the bottom spacer were 
removed and the gel placed in the bottom electrophoresis tank 
containing M.ectrophoresis Buffer. 	Care was taken to remove 
trapped bubbles of air at the bottom of the gel. The slots were 
filled with Electrophoresis Buffer and in each slot was underlaid 
the protein sample in Sample Buffer. 	Electrical contact was 
made between the top of the gel and the top electrophoresis 
tank by four layers of Whatrnan 3 MM chromatography paper, saturated 
with Electrophoresis Buffer. 	The electrodes were connected, 
(_)-ive at the top tank, (+)-ive at the bottom tank. 	Gels were 
electrophoresed at a constant current 8-10 mA overnight or until 
the Bromophenol blue reached the bottom of the gel. 	In the case 
of 2C°/ gels to produce a better separation of the proteins, if 
required, gels were electrophoresed for up to 90 minutes after 
the dye front had reached the bottom of the gel. 
(VII) Staining, Drying Down, Autoradiography, Pluorogi'aphy and 
Photography of SDS-Polyacrylamide - Gels 
(a) Staining 
Gels were fixed and stained for two hours by shaking in 0.2% (w/v) 
Coomassie Brilliant Blue H in L0 0/6 (v/v) Methanol, 7% (v/v) Acetic 
acid and destained in changes of 40°/ Methanol, 71/o Acetic acid at 
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room temperature. 
Drying Down Gels 
The gels were washed in tap water for 3 minutes and sandwiched between 
a sheet of Whatman 3 P'U'I chromatography paper and a sheet of polythene 
sheeting. 	This was then placed, polythene side down, on an 
aluminium sheet over a water bath, set at 70°C. 	Two sheets of 
porous polythene (Vyon: Porvair Ltd.) were placed on top of the 
Whatman paper and the whole was covered by a rubber mask clamped 
at the edges and attached by a tube to a vacuum pump. The gels 
were dried under vacuum for about 2 hours. The whole apparatus 
was then disassembled and the polythene sheet peeled away from the 
gel, now dried onto the Whatman paper. 
Autoradiography 
Dried gels were exposed to Kodak Reg-ulix BB5 at room temperature 
for between one and two weeks. 	The film was developed in Ilford 
Phen-X developer and fixed in Ilford IF-23 Standard fixer. 
Autoradiographs were scanned using a Kipp and Zonen Densitometer 
with an Integrator to estimate the percentage total radioactivity 
incorporated into a particular protein band. 
Fluororaphy 
The first step of the technique was to impregnate the gel with PPO 
as described by Bonner and Lasky (1974). This was 	done directly 
after d.estaining the gel or on a dried gel that had been rehydrated. 
Rehydration was carried out by soaking the dried gel in warm water, 
approximately 37°C, for 5 to 10 minutes and carefully removing the 
Whatman paper. 
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Gels were rinsed in water and then soaked for 90 minutes 
in three changes of 5 gel volumes of DMSO. The gels were then 
soaked in 3 gel volumes of DMSO containing 2 (w/v) PPO for 3 
hours. 	The PPO was precipitated in the gel by washing in L 
changes of 20 gel volumes of water in 30 minutes. 	The gel was 
then dried onto Whatman 3I0I paper as previously described. 
Gels were exposed to Kodak X-Omat JGi1 film which had been 
prefogged as described by Laskey and Mills (197). 	This was 
achieved by exposing the film to a single 1/1000 second flash from 
a Sun Pak GT32 flash gun covered with Ilford S902 filter and this 
in turn covered by Whatman Grade 1 filter paper acting as a 
diffuser at a distance of approximately 22 cm from the film. 
The flashed side of the film was placed next to the dried gel and 
exposed at -80°C for between one and two weeks. 	Developing was 
carried out in complete darkness in Ilford Phen-X developer and 
fixed in Ilford IF-23 standard fixer. 
(e) Photography 
Photography of gels, autoradiographs or fluorographs was carried 
out by illuminating them on a light box and using Ilfodata HS23 film 
rated at 20 ASA, developed for 10 minutes in Ilford Microphen and 
printed on Ilfospeed Grade 5 paper. 
(VIII) 	Electrophoretic Assay of RUBPC Protein 
(a) Estimation of Complete RuPCase 
Amounts of complete RuBPC protein can be determined by electro-
phoresis under non-denaturing conditions (Bennett and Scott, 1971). 
Homogenate proteins were fractionated on non-denaturing 5% (w/v) 
polyacrylamide tube-gels and the amount of RUPC quantitated by 
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scanning the stained protein in the ultraviolet. This was carried 
out essentially as described in Becker et al. (1978); 
Stock Solutions 
Acrylamide: 20% (w/v) Acrylamide, 0.55/o bis-acrylamide. 
Stock Buffer: 0.35 N Tris adjusted to pH 9.5 with 201/6 Glycine. 
0.15% (w/v) AMPS. 
TEME3D. 
(5) Protein Sample Buffer: 50 mM Tris-Glycine pH 9.5, 109/6  (w/v) 
Sucrose, 0.001% Bromophenol blue. 
Solution (1) was filtered, stored in the dark at L °C and used within - 
2 weeks of preparation, solutions (2), (3) and (5) were made fresh 
and solution (Lb) was stored at )j.°C. 
Gels of 7.5 cm length were cast in Perspex tubes (i x 9 cm inside 
diamter 7 mm) at the final concentration of 5% Acrylamide; 0.125% 
bis-acrylamide; 0.0875 M Tris-Glycine pH 9.5, degassed and poly-
merised with 0.75% ANPS and T€D (20 l per 60 ml gel solution) 
and over-laid with water. Electrophoresis buffer was a 1:5 
dilution of the Stock Buffer with distilled water. 	Gels were 
pre-run at 1-1.5 mA/gel for 30 minutes. Samples of Homogenate 
protein (ioo ig-250 pg) were loaded in approximately 100 xl of 
Protein Sample Buffer. Gels were rim at 1-1.5 mA/gel for about 
3 hours, twice the time it takes the Bromophenol blue to reach the 
bottom of the gel. Gels were removed by air pressure and stained 
overnight in: 0.1% (w/v) Napthalene Black 12 B; 20% (v/v) Ethanol; 
7% (v/v) Acetic acid and destaind with frequent changes of 20% 
Ethanol; 7% Acetic acid. 
'1• 
The tube gels were scanned using a Joyce Loeb! Polyfrac 
TN Scanner with a 265 rim Interference filter. The area of the 
print, out of the RuBPCase peak, identified by co-electrophoresis 
of a marker Ru.BPCase, was estimated. Thus values obtained are 
purely a relative estimation. 
(b) Estimation of RuBPCase Subunits 
Homogenate proteins were fractionated on i% polyacrylamide-
gels containing SDS as previously described. The gels were stained 
with Coomassie Brilliant Blue R as described previously. The 
polypeptide bands of LSu and SSu RuBPCase were identified by 
co-electrophoresi-s of marker RuPCase. The wet gel was scanned 
on a Vitatron "Flying Spot" TLD 100 Densitometer with a 585 rim 
Interference filter. Areas under the print out corresponding 
to LSu and SSu were estimated. 	Thus, again, values obtained 
are purely a relative estimation. 
(IX) Nucleic Acid Extraction 
(a) Total Nucleic Acid 
The method used was adapted from Leaver and Ingle (1971). 
Stock Solutions 
(i) Grinding Buffer: 6% (w/v) Para-aminosalicylic acid, (PAS), 
1% (w/v) Tri-propylnaphthalenesUlPhoflic acid, (TNS), 
100 mM Tris-HC1 pH 6.. 
(2) Phenol/Cresol Solution: Phenol containing: 10% (v/v) 
re-distilled m-cresol 0.1% (w/v) 8-hydroxyquinoline and 
saturated with 0.1 N Tris-HC1 pH 8.. 
Solution (1) was made fresh, solution (2) was stored at L °C in the 
dark. All operations were carried out at 4°C. 
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The tissue was homogenised with a pestle and mortar or with 
a Willem's Polytrcn homogeniser at full speed for 5-10 seconds in 
2-5 volumes of Grinding Buffer. An approximately eaual volume 
of Phenol/Cresol Solution was added and the solutions mixed 
thoroughly and then poured carefully into a centrifuge tube. After 
centrifugation at 2,000 x g for 15 minutes the aqueous layer was 
carefully removed and re-extracted twice with Phenol/Cresol or 
until no more white precipitate was seen at the aqueous/organic 
interphase. Nucleic acid was precipitated from the aqueous phase 
by the addition of 2 volumes of Ethanol and storage at -20 °C. 	The 
precipitate was collected by centrifugation at 2,000 x g for 15 
minutes and washed twice in 800% Ethanol and dried in a vacuum 
desiccator at 4°C. 
The dry pellet was resuspended in cold sterile water and the 
concentration estimated by the removal of duplicate 5 il aliquots 
and measuring the A 260 of a 1:200 dilution with water. 	It was 
assumed that 1 O.D. unit at 260 nm was equivalent to 40 m'/ml 
of nucleic acid. An indication of purfty of the nucleic acid 
was obtained by measuring the A260/A280 rati 
approximately 1.97. The nucleic acids were 
Quantitation of total RNA was carried out by 
method as described by Becker et al. (1978 ), 
from Schmidt and Thannhauser ( 1 945). 
which was generally 
stored at -20 ° C. 
the Perchloric acid 
which was modified 
(b) 	ChioroDlast RNA 
Chioroplast extraction was carried out by a modification of 
the method of Cockburn et al. (1968); the RNA extraction was 
a modification of that of Leaver and Ingle (1971). 
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Stock Solutions 
(i) Chloroplast Extraction Buffer: 	0.33 M Sorbitol, 50 mM Tris- 
MCi pH 7.0, 5 mill MgC1 2 , 1 mM MaCi. 
(2) Nucleic Acid Extraction Buffer: 50 mM Tris-acetate pH 8.5, 
50 mM KC1, 2% TNS, 12% PAS. 
Both solutions were made fresh. 
Before harvesting tissue was destarched (by leaving it in the 
dark) for 24 hours. All operations were carried out at L °C 
(Leaver 1973). 	Chilled tissue was homogenised in L volumes of 
semi-frozen Chloroplast Extraction Buffer with a Wiilem t s Polytron 
homogeniser with two, 14 second bursts at half speed. 	The 
macerate was squeezed through 2 layers of muslin and filtered 
through 8 layers of muslin into 50 ml plastic centrifuge tubes 
and centrifuged from rest to 14,000 x g to rest, in approximately 
90 seconds. 	The supernatant was removed and the pellet was 
gently resuspended in chloroplast Extraction Buffer using a 
paint brush. 	The chloroplasts were washed three times using 
this procedure. At this point the chloroplasts were either 
X, 
	at -80°C or the RNA extracted directly. 
The chioroplasts were resuspended in Chioroplast Extraction 
Buffer lacking Sorbitol, which lyses the chioroplasts. 	To the 
resulting solution was added an equal volume of Nucleic Acid 
Extraction Buffer and the whole was vortex-mixed thoroughly. 
To this was added an equal volume of Phenol/Cresol Solution 
and mixed thoroughly (as previously described). The aqueous 
layer was extracted twice with Phenol/Cresci. The RNA was 
precipitated, washed, dried and resuspended in sterile water as 
described in the preceding section and stored at -20°C. 
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(c) 	Polysorne Extraction 
Polysome extraction was carried out essentially as described 
by Leaver and Dyer (1974). 
Stock Solutions 
(i) Grinding Buffer: 100 mM Tris-acetate pH 7.5, 	250  mN Sucrose, 
20 mN Mg acetate, 200 mM K acetate, 1 mM ITT. 
 Sucrose Cushion: 100 mM Tris-acetate pH 8.5, 20 mM Mg 
acetate, 200 mM K acetate, 	1 mM ITT, 	1 N Sucrose. 
 Resuspension Buffer: 	50 mM =ES pH 7.5, 5 mM Mg acetate, 
50 rrJ4 K acetate, 1 mM DTT. 
All solutions were made fresh. 
0 
All operations were carried out a L C, L g Of 	tissue 
were homogenised with two, 5 second bursts at full speed with a 
Willem's Polytron homogeniser in 7.5 ml of Grinding Buffer. 	Either 
2/o (v/v) Nonidet P40 or 201/6 (w/v) Triton X-100 both in 100 MM 
Tris-acetate pH 7.5, 0.25 mM Mg acetate, 200 mM 1< acetate was added 
to give a final concentration of 	detergent and vortex-mixed. 
The solution was filtered through Miracloth (Calbiochem. Ltd.) 
and centrifuged at 20,000 x g for 10 minutes. The supernatant 
was carefully layered over a 3 ml Sucrose Cushion and centrifuged 
at 105,000 x g (in an angle rotor) for 5 hours. 	The pellet was 
resuspended in 500 l - 600 l Resuspension Buffer and 10 l 
aliquots were removed for cell-free incubations, each incubation 
containing approximately 20 ig RNA. 
If required the RNA was extracted by the addition of 6% PAS, 	- 
1% TNS in 100 mM Tris-HC1 pH 8.5, as previously described. 
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(x) Polyacrylamide-Gel Electrophoresis of Nucleic Acids. 
The method used was that of Loening (1967) as modified by 
Leaver and Ingle (197 1 ) and Leaver (1973). 
Stock Solutions 
(i) Aorylamide: 	% (w/v) Recrystalised Acrylamide , 0.7% (w/v) 
bis-acrylamide. 
x 5 Stock Buffer: 10 inN NaHP0 1 , 180 inN Tris pH 7.6-7.8, 
'-4 
5 imI E]YTA. 
100/6 (w/v)  APLDS. 
(Li ) TE1"tD. 
Solution (1) was made monthly and stored in the dark at 
solutions (2) and (Li) were stored at L °C and solution (3) was 
made fresh. 
Gels were made up with the final concentration of Acrylamide 
of 2.4)% in a 1:5 dilution of x 5 Stock Buffer. 	The mixture is 
degassed and for each 5 ml of the gel mixture was added 25 4 
of TD and 0.25 ml 10% AS. 	7.5 cm gels were cast in Perspex 
tubes (i x 9 cm, inside diameter 7 mm) and gently overlaid with 
water. 	The electrophoresis buffer used was a 1:5 dilution of 
x 5 Stock Buffer with water and SDS added to a final concentration 
of 0 . 05% (w/v). 	Electrophoresis was carried out at L °C. 	The 
gels were pre-run at 5 m$(/gel for 30 minutes. The RNA was loaded 
onto the gels in electrophoresis buffer made 5% (w/v) Sucrose. 
Between 10-100 ugm of RNA were loaded onto each gel. 	Gels were 
electrophoresed at 6 iaA/gel for 3-i- hours. 	Gels are removed from 
the tubes by air pressure, washed in distilled water for 30 minutes 
and scanned in a Joyce Loeb! Polyfrac 1IT scanner at 265 nm using 
a liquid filter of 100 u /ml of D-dimethylaminobenzaldehyde in 
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Methanol. To quantitate chloroplast and cytoplasmic RNAs, individual 
peaks were cut from the scans, weighed and expressed as a fraction 
of the total area under the trace for a particular scan. 
Each such fraction was then multiplied by the total RNA content 
(in pg/cotyledon) determined as described previously. 	RNA 
fractionation by this method also allowed me to assess the purity 
of chioroplast RNA preparations which generally contained less 
than 5% cytoplasmic ribosomal RNA. 
(XI) Preparation of Cucumber EtioDlasts 
The method used for etioplast preparation and purification 
was modified from that of Leese et al. (1971). 
Stock Solutions 
(i) Stock Buffer: 67 mM G 2/Na2}0 ; pH 8.0, 1 thIvi MgC12 
0.2% BSA. 
This was made fresh. 
0 
All operations were carried out at L. C using prechilled 
materials. 	1 E of Day 5 dark-grown Cucumber cotyledons were 
harvested and homogenised in L ml of Stock Buffer containing 0.5 M 
Sucrose using a Willem's Polytron. 	The homogenate was squeezed 
through 2 layers of muslin and then filtered through 8 layers 
of muslin into centrifuge tubes and centrifuged from rest to 
14,000 x g to rest, in 90 seconds. 	The pellet was gently 
resuspended in 5 ml of the grinding buffer using a paint brush. 
The suspension was layered onto a 20 ml cushion of Stock Buffer 
containing 0.6 N Sucrose and centrifuged at 14140 x g (in a swinging- 
bucket rotor) for 15 minutes. 	The pellet was carefully resuspended 
in 5 ml of Stock Buffer containing 0.6 N Sucrose. 	The etioplast 
0,. 
suspension was further purified by layering onto a discontinuous 
gradient made up of a 10 ml step of Stock Buffer containing 
1.3 N Sucrose over a 10 ml step of Stock Buffer containing 2 N 
Sucrose and centrifuged at 2,000 x g (in a swinging-bucket rotor) 
for 15 minutes. 	The etioplasts appear 'hazily white' at 	the 
interphase andwere collected and dialysed for 30 minutes against 
Stock Buffer containing 0.3 N Sucrose to reduce the Sucrose 
concentration. 	Samples from the resulting solution were 
heated in protein gel sample buffer at 90 °C for 3 minutes and 
analysed by SDS-polyacrylamide-gel electrophoresis as previously 
described. 
(xii) Partial Purification of Cucumber Chioroplast ATPase 
Partial purification of Chioroplast APase was carried out 
using the preliminary steps of the method of Younis et al. (1977). 
Chioroplasts were isolated from Day 6 light-grown Cucumber 
cotyledons using the Sorbitol Extraction Buffer as previously 
described and washed once in this medium The chloroplast pellet 
was resuspended in: 10 r NaCl, 2 mM Tricine-NaOH pH 8.0 and 
allowed to stand on ice for 15 minutes. 	Thylakoids were 
collected by centrifugation at 20,000 x g for 10 minutes and 
washed twice. All subsequent operations were carried out at room 
temperature. The washed thylakoid membranes were resuspended at 
a chlorophyll concentration of 2.-30 mg/ml in 0.35 N Sucrose, 
10 mM Trjs_S0 )4 pH 7.6; 1 mM EDTA and 5 mM DTT. 	To this was 
added a 0. 5 vclume of chloroform and shaken for 15 seconds. 
The aqueous layer was - separated - by centrifugation at 1,000 x g 
for 5 minutes, collected and recentrifuged at 50,000 x g for 30 
minutes. Protein in the supernatant was precipitated by the 
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addition of 1.5 volumes of saturated (NH2)2 50li• 
	The precipitate 
was resuspended in 20 mM Tricine- Na OH H 8.0, 2 mMTA, 10 mM 
NaCl, 1 mM DTT and analysed by SDS-polyacrylamide-gel electrophoresis 
as previously described. 
(XIII) Preparation of Cucumber RuBPCase 
The method used was a modification of that of Chen et al. 
(1976). 
All operations were carried out at 4
0 C. 	30 g of Day 6 
light-grown cotyledons were homogenised with a Willem's Polytron 
in 3 volumes of 50 mM Tris-HC1 pH 7.8, 0.2 N NaCl, 10 m Sodium 
metabisuiphite, 1 mM KCN, 0.1% (w/v) BSA, 2/ (w/v) Dowex AG2-X8, 
50-100 mesh (Bio-Rad Laboratories Ltd.),50 pg/mi PMSF. 	The 
homogenate was squeezed through 2 layers of muslin and centrifuged 
at 100,000 x g for 1 hour. 	The supernatant was removed and 
protein precipitated between 200/o-5 	(w/v) (NH 2) 250 	The 
precipitate was taken up in 50 mM Tris-HC1 DH 7.8, 0.1 M NaCl 
and loaded onto a Sephadex G200 Medium column, (80 x 2.5 cm, 
Pharmacia) equilibrated with 50 mM Tris-HC1 pH 7.8, 0.2 N NaCl. 
Fractions were collected and to identify those containing 
RuBPCase 2 ti aliquots were assayed by Single Dimension Irnmunodiffusion 
(described in detail later) using antisera raised against Spinach 
RuBPCase. Those fractions containing RuBPCase were collected and 
their purity assayed by fractionation on SDS-polyacrylamide-geis 
as previously described. 
To purify LSu and SSu RuPCase, protein prepared as described 
above, was fractionated by SDS-poiyacrylamide-gel electrphoresis. 
The subunits were located by staining with Coomassie Brilliant Blue 
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R, as previously described, for no longer than 15 minutes. 	The 
gel was destained for no longer than 15 minutes. 	The regions 
of the gel containing the subunits were excised and the protein 
recovered by electroelution. 	Gel pieces were placed in Perspex 
tubes, used normally, as previously described, for Dolyacrylamide-tube 
gels. 	One end was covered by a bag of dialysis tubing. 	Electro- 
elution was carried out using SDS-polyacrylamide-gel Electrophoresis 
Buffer, (previously described) at 5 mA per tube for 3 hours, or, 
until the Coomassie stain had migrated completely into the 
dialysis 'bag. 	When the electroelution was complete, the polarity, 
of the electric current was reversed for 30 seconds. 	The contents 
of the dialysis bag were carefully collected using a syringe. 
Aliquots were analysed by SDS-poiyacrylamide-gel electrophoresis 
as described previously and antisera was raised against the 
protein present in each sample as described later. 
(xiv) Preparation of the E. coil Extract 
The extract was prepared essentially as described by Nodoilel 
(1971). 	E. coil cells (either PR7 or CS'H 73 strain) were grown 
at 37°C  in L broth in a 50 litre fermentor under vi gorous 
aeration. 	Cells were grown to mid-log phase (A 675 0.6 units) 
and harvested using an Alpha Leval continuous flow centrifuge. 
Cell growth was terminated by placing the collected cells on ice. 
Harvesting the cells at later stages (A 67 	1.6 units) resulted 
in extracts with reduced activities which is probably due to 
increased RNAase activity in the extract (J. Atkins, personal 
communication). 
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Cells were washed three times in Buffer A; 10 mM Tris-
acetate pH 8.2, 10 mM Mg acetate, 60 aiM NH acetate, 6 mM 
JO 
 -mercaptoethanol, centrifuging at 12,000 x g for 5 minutes at 
L °C. 	After each wash the cells were resuspended with a glass 
rod. 	Unless the cells were to be used immediately they were 
frozen and stored at -80 °c. 
Cells were broken using a pestle and mo:'tar, as described 
by Nirenberg and Matthaei (1961). 	All operations were carried 
out at L °C using pre-chilled materials. 	Fresh, or thawed stored 
cells, approximately 10 g, were ground with twice the cell weight 
of Alumina (Sigma Chemical Co.) until the mixture was homogenous 
and emitted 'popping sounds', in an unglazed pestle and mortar. 
Two volumes of Buffer A per of ground cells was added and 
ground for a further minute. The paste was carefully poured 
into centrifuge tubes and alumina, whole cells and debris 
sedimented by centrifugation at 22,000 x g for 10 minutes. 	The 
top three quarters of the supernatant was removed and clarified 
by centrifugation at 30,000 x g for 30 minutes. The supernatant 
was removed and placed in a pre-cooled graduated test tube. 
Then for each ml of supernatant was added: 100 .tl 1 M Tris-
acetate pH 8.2, 20 p.1 0.1L M Mg acetate, 6.6 41 120 aiM ATP, 
18 p.1 500 aiM PEP, 10 p.1 10 mM GTP, 10 4 100 raM DT2, 20 p1 
0.5 mM amino acids lacking methionine, 20 p1 0.5 aiM methionine, 
0.5 p1 10 PE/ml (0.45 units/pg) Pyruvate Kinase (PK), 88 4 sterile 
distilled water and the whole incubated at 37°C in the dark for 
80 minutes. 
The preincubated extract was dialysed for 18 hours against 
at least four changes of Buffer A. The extract was clarified 
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by centrifugation at 30,000 x g for 30 minutes and 200 l aliquots 
of the supernatant were stored under liquid nitrogen or at -80 °c. 
The A260 was determined by a 1 to 200 dilution in water and the 
concentration in the order of 200 O.D. units/mi. 	Assuming that 
1 O.D. unit at 260 nm is equivalent to 40 pg/mi of nucleic acid 
gives an approximate estimation of ribosomal content. Hereafter 
the extract will be referred to as the E. coil extract or the S-30 
extract. 
(xv) 	Conditions of Incorporation of LsJ met by the E. coil 
Extract 
What will be referred to hereafter as the E. coil translation 
system (or E. coli system) was made up of 10 .il E. coli extract 
(A260  2 units), incubated with 10 l of E. coli Reaction mixture 
and 30 .il of sterile distilled water containing an appropriate 
amount of RNA. Each 50 41 incubation was carried out at 
37° C for 20 minutes. 
Generally a cell-free protein-synthesizing experiment was 
carried out using 20 separate 50  }Ll incubations. 	First the 
appropriate amount of RNA solution was pipetted. into 500 tl 
Eppendorf centrifuge tubes, the volume made up to 30 il with 
sterile distilled water and the tubes placed on ice. 	Each 
incubation could be carried out using up to 200 .ig RNA, however, 
as described in the text, 1-30 g RNA were generally used. 
The Reaction mixture was made up of the following constituents: 
x 20 Salts: 	960 mIMI Tris-acetate pH 8.0 
160 mM Mg acetate 
200 mM K acetate 
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1.26 M 	acetate 
2 mg/ml Calcium Leucovorin 
x 20 Energy: 	120 mM ATP pH 7.0 
20 inN GTP 
200 mM PEP 
x 20 Amino acids: 	0. 5 inN of each of 19 amino acids (-met) 
Pyruvate Kinase (PK) 4.2 mg/ml (Lo units/mg) 
00 mM DTT 
[3] met. 
The x 20 Salts, x 20 Energy, x 20 Amino acids and DTT were 
made up separately and stored at -20 
0
C. 	The Pyruvate Kinase 
was stored at L °C and the 	lmet was stored at —80°c. 	The 
concentrations of the constituents of the Reaction mixture were 
such that 10 p1 in 50 4 incubations gave the final concentrations: 
0 mM Tris-acetate pH 8.0, 75 mM NILE acetate, 10 mM Mg acetate, 
10 mM K acetate, 10 mM PEP, 6 mM ATP, 1 mM GTP, 0.4 8 units PK, 
2 mM DTT, 160 mM Calcium Leucovorin, 0.025 mM 19 amino acids 
(-met), 5 pCi [35s]met. 	This also takes into account the ions 
contributed by the E. coil extract. 
10 4 aliquots of the Reaction mixture were added to the 
centrifuge tubes containing RNA and water and then 10 4 of the 
E. coli extract were added. 	The final mixture was briefly 
vortex-mixed and the incubation started by placing the centrifuge 
tubes in a water bath at 37°C. 	The time course of incorporation 
of radioactivity into Drotein was followed by the removal of 
41 aliquots at 5  minute intervals and spotting Onto Whatman 
3 M chromatography paper and analysing as described later. If 
immunoprecipitation were not being carried out the incubation was 
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terminated after 20 minutes by the addition of acetone to produce 
a final concentration of 8% (v/v) and the tubes stored at L °C. 
The precipitates were prepared for protein gel electrophoresis 
as described later. 
(xvi) Preparation of the Wheat Germ Extract.  
The method of preparation was adapted from that of Marcu 
and Dudock (1974). All operations were carried out at L °C using 
pre—chilled materials. 
g of Wheat germ (General Mills, stored at L °C) were ground 
in a pestle and mortar with 5  g of powdered glass to produce a 
powder. To this was added 13 ml of Buffer B: 20 mM HEPES 
pH 7.6, 120 mM KC1, 5  n'J"I Mg acetate and ground further to produce 
a paste. 	The homogenate was centrifuged at 23,000 x g for 1 
,1 minutes. 	The superitatant was removed with care to avoid collecting 
lipid and loaded onto a Sephadex G25 Course column (26 x 15 cm, 
Pharmacia) equilibrated with Buffer B. The column was then 
eluted with Buffer B at a flow rate of 3 ml/min. Fractions 
containing more than 0.5  O.D. unit at 260 nm per 5 il were 
collected, bulked and centrifuged at 23,000 x g for 15 minutes. 
The supernatant was dialysed for 18 hours against at least 3 changes 
of Buffer B. The extract was finally centrifuged at 23,000 x g for 
15 minutes and 200 p1 aliquots of the supernatant were stored under 
liquid nitrogen or at 800C. 	A260 was determined by a 1 to 100 
dilution in water and the concentration in the order of 1 40 O.D. 
units/ml. 
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(XVII) Conditions of Incorporation of [s] met by the Wheat Germ 
Extract 
What will be referred to hereafter as the Wheat germ translation 
system was made up of 10 pl of Wheat germ extract (A 260  1.4 units) 
incubated with 10 p1  of Wheat germ Reaction mixture and 30 p1 
of sterile distilled water containing the appropriate amount of 
RNA. Each 50 4 incubation was carried out at 2
0C for 90 minutes. 
Generally a cell-free protein-synthesizing experiment was 
carried out using 20 separate 50  p1 incubations. 	First the 
appropriate amount of RNA solution was pipetted into 500 p1 
Eppendorf centrifuge tubes, the volume made up to 30 p1 with 
sterile distilled water and the tubes placed on ice. 	Each 
incubation could be carried out using up to 100 pg RNA, however, as 
described in the text, -30 pg RNA were generally used. 
The Wheat germ Reaction mixture was made up of the following 
constituents 
x 20 HXS 	 480 mM HEPES-NaOH pH 7.6 
1.6 N K acetate 
25 mM Mg acetate 
mM Spermidine 
x 20 Energy 	 20 mM ATP pH 7.0 
1 AM GTP 
160 mM Creatine Phosphate 
x 50  Creatine Phosphokinase 
Mg/Ml in 	glycerol 
x 20 Amino acids 	0. 5 mm each of 19 amino acids (-met) 
100 mM DTT 
[35S] methionine 
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The [35S]met was stored at -80 0 c, all other solutions were made 
up separately and stored at _2000. 
The concentrations of the constituents were such that 10 il 
of Reaction mixture in 50 pl incubations gave the final 
concentrations: 28 uI EES-Na0H pH 7.6, 104 mM K acetate, 
2.25 mM Mg acetate, 0.25 mM Spermidine, 1 mM ATP, 0.05 mM GTP, 
8 mM Creatine Phosphate, 5 pg Creatine Phosphokinase, 2 mM DTT, 
0.025 mM 19 amino acids (-met), 5 ici 	 This also takes 
into account the ions contributed by the Wheat germ extract. 
The Reaction mixture was added to the Wheat germ extract and 20 l. 
aliquots of this were pi-petted into each centrifuge tube containing 
the RNA and water. The incubation was started by vortex-mixing 
the incubation mixture briefly and placing the centrifuge tubes 
in a water bath at 25 
0
C. 	The time course of incorporation of 
radioactivity into protein was followed by the removal of 5 
aliquots at 10, 20, 60 and 90 minutes and spotting onto Whatman 
3 lYffvI chromatography paper and analysing as described later. 
If immunoprecipitations were not being carried out the incubation 
was terminated by the addition of acetone to a final concentration 
of 80°/b (v/v) and the tubes were stored at 40C. 	The precipitate 
was prepared for protein gel electrophoresis as described later. 
(xviii) Isolation of Plastids for In Vitro Protein Synthesis 
Plastid isolation and incubation was essentially as described 
by Sidd.ell and Ellis ( 1 975). 	All materials used were sterilized 
by autoclaving or by washing in methanol and rinsing in sterile 
water. 	Isolation and Resuspension Buffers were sterilized by 
membrane filtration using sterile Sartorius Membrane Filter 
7L. 
apparatus (membrane pore size 0.2 him). 




25 mM HEPES-NaOH pH 7.6 
2 mm EDTA 
2 mM Sodium Isoascorbate. 
Resuspension Buffer: 
	 0.2 M KC1 
66 mM Tricine-KOH pH 8.3 
6.6 mm MgC1 2 
In experiments carried out to optimise the system, 20 g of Day 
or 6 light-grown cotyledons were homogenised in 100 ml of semi- 
C. frozen Isolation Buffer. 	Homogenisation was carried out with 
-two, L second bursts at half speed in a Willem's Polytron. 	The 
homogenate was strained through 2 layers of muslin then filtered 
through 8 layers of muslin into centrifuge tubes. These were 
then centrifuged from rest to 4,000 x g to rest in approximately 
90 seconds. 	The pellet was carefully resuspended in 5 ml of 
Resuspension Buffer, using a paint brush. This suspension was 
kept on ice in the dark and samples removed for chlorophyll 
and protein estimations and in vitro incubations. 
(xix) 	Conditions of Incorporation of E31met by Isolated Plastids 
What will be referred to hereafter as the isolated chloroplast 
or plastid system was made up of isolated plastids, prepared as 
described in the previous section, and Resuspension Buffer contain-
ing [35S]met. Sterile media and materials were used throughout. 
Each 300 .jl incubation contained between 100-30 ug protein and 10 
iCi [35S] met. 
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Generally a cell-free protein-synthesizing experiment was 
carried out using 12 separate 300t1 incubations. 	First the 
appropriate amount of Resuspension Buffer was pipetted into 
7.5 ml glass test tubes with any chemical addition required 
(see details in text) and 10 Ci [35S]met.Plastids,.isolated 
and resuspended as described in the previous section, were 
added and the tubes were capped with aluminium tops and reactions 
were started by placing the tubes in a 20 °C water bath under a 
filtered red light of 3300 lux. 	Those tubes incubated in the 
dark were wrapped in aluminium foil. 	20 4 aliquots were 
periodically removed and spotted onto Whatman 3 I'll chromatography 
paper to estimate the time course of the incorporation of radio- 
activity into protein, and analysed as described later. 	After 
90 minutes the incubation was terminated by the addition of 
acetone to a final concentration of 8/ (v/v). 	The precipitate 
was prepared for SDS-polyacrylamide-gel electrophoresis as 
described later. 
Incubations using plastids extracted from differing days 
of development were carried out in one experiment. 	In sequence, 
5 g of tissue from each Day of development were harvested and 
homogenised in )40 ml of Isolation Buffer. The crude plastid 
pellets were resuspended in 1 ml of Resuspension Buffer and 
incubations were carried out using equal volumes of resuspended 
plastids with light or 2 inN ATP as a source of energy. 	Protein 
concentration of each incubation was between 1.6 - 2.2 mg. 
ri 
76. 
(xi) 	Estimation of the Incorporation of 
[35S] met into Protein 
Estimation of the incorporation of radioactivity into protein 
was carried out essentially as described by Mans and Novelli, 
(1961). 	Aliquots were removed from the in vitro systems period- 
ically and spotted onto 1. 5 cm squares of Whatman 3 llI chromatography 
paper, dried, placed in ice-cold 10% (w/v) TCA for 30 minutes. 
They were then transferred to % (w/v) TCA at 900C for 15 minutes 
and then through L changes of % TCA at room temperature allowing 
at least 5 minutes in each. 	The filters were then transferred 
to a 1:1 (v/v) Ether-Ethanol mixture for at least 1 5 minutes and 
then transferred to Ether for at least 10 minutes at room 
temperature. The filters were then dried and placed in 6 ml 
scintillation fluid made up of 0.4% (w/v) butylPBD in Toluene. 
Radioactivity was estimated by scintillation counting using an 
Intertechnique SL-30 liquid scintillation counter. 	By this method 
we are in effect estimating the amount of 	incorporation 
into hot % TCA insoluble material. In the text this will be 
referred to as either, incorporation of 	met (or radioactivity) 
into protein, or incorporation. 
(XXI) Preparation of Proteins from the In Vitro Systems for SDS-
Polyacrylamide-Gel Electrophoresis. 
In each case incubations were terminated by the addition of 
acetone to a final concentration of 80% (v/v). The precipitate 
was collected by centrifugation in a Micro-Haemotocrit centrifuge 
at 12,000 x g for 30 seconds. 	The pellet was resuspended in SDS- 
polyacrylamide-gel Sample Buffer (described in Section vi). 
Before loading onto SDS_polyacrylamide-gelS, the samples were 
77. 
heated at 100°C for 2 minutes or at 37°C for 3 hours. 	The latter 
treatment was used in the case of the proteins from the isolated 
plastid system, with frequent vortex-mixing to ensure solubilisation 
of the protein precipitate. 	It was found that proteins from a 
complete E. coli or Wheat germ incubation could be loaded into 
each slot of a 10 slot gel without overloading. 	With plastid 
incubations approximately 20 g protein were loaded into each 
slot. 
It was found that the polyacrylamide gel profiles of labelled 
translation products of the E. coli and Wheat germ systems, 
prepared as described above, were similar to the profiles 
obtained if the Sample Buffer was added directly to the in vitro 
translation mixture. The method of acetone precipitation was 
adopted for convenience in handling. 
(xxIT) Estimation of Radioactivity Present in PolyacT1amide 
Gel Slices 
The method used was an adaption of that of Tishler and 
Epstein (11974). 	The relevant labelled polypeptide was located 
by autoradiography and excised from the SDS-polyacrylamide-gel. 
Each gel slice was dissolved in 0.6 ml of 100 volume H 2 0 2 
 in a 
loosely capped scintillation vial. 	The top was tightened before 
0 
the vial was placed in a drying oven at 80 for 3 hours. 
The vial was cooled and 5 ml of Triton/Toluene Scintillation fluid 
(0.40/o (w/v) butyl-BPD in a 1:2 mixture of Triton x-100 - Toluene) was 
added. 	The vial was briefly shaken and radioactivity estimated 
by using an Intertechnique SL-30 liquid scintillation counter. 
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(XXIII) Fractionation of Chloroplast Membranes 
The method of fractionation was adapted from that of 
Dc'uce et al. (1973). 	All operations were carried out at 
Chioroplasts were extracted from Day 6 light-grown cotyledons 
in a Sorbitol extraction buffer as described previously (Section 
IX b). 	To the chioroplast suspension was added 2L volumes of 
10 mM Tris-HC1 pH 7.6, L my-1  igC1 2 and the susDensions were allowed 
to stand for L minutes at 4
0
C. 	Each 3 ml of the suspension was 
loaded onto an 8 ml step gradient made up of 2 ml steps of 0.6 N, 
0.93 N, 1.2 N and 1.5 M Sucrose in 5  mM Tris-HC1 pH 7.6, 5 mm 
NgC1 2 . 	The gradients were centrifuged at 70,000 x g for 60 
minutes in an MSE 6 x 11 ml swinging-bucket rotor. The supernatant 
and the material between each step were collected. 	It was inferred 
from the results of Douce et al. (1973) that the supernatant fraction 
contained stromal proteins and that between the steps in order 
down the gradient were: envelope membranes, stroma lamellae and 
finally a mixture of grana and strorna lamellae. 	The latter fraction 
was deep green in colour. 	Proteins were precipitated from each 
fraction by the addition of an equal volume of 8 1/6 (w/v) TCA. The 
precipitates were analysed by SDS-polyacrylamide-gel electrophoresis 
as previously described. 	In the cases where chloroplasts were 
35S]incubated in vitro with 	met and components fractionated, a 
X5 volume incubation was carried out and the plastid suspension 
was used directly. 	Labelled polypeptides were visualized by 
fluorography following SDS-polyacrylamide-gel electrophoresis as 
previously described. 
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(Xxiv) Preparation of Staphylococcus aureus Bound Protein A 
The preparation was carried out essentially as described by 
Kessler (1975). 
Stock Solutions 
PBS Buffer: 1 50  mM NaCl, 40 mM KH2P01 - NaOH pH 7.2, 
0.05% (w/v) Na azide. 
NET Buffer: 150 mM NaCl, 5 mM EJYTA, 50 mM Tris-HC1 pH 7.4, 
0.02% (w/v) Na azide. 
Both solutions we re stored at -20 °C. 
The S. aureus cells were grown in supplemented Penassay broth. 
Before the cells were heat inactivated, all manipulations were carried 
out in a fume cabinet, all glassware used was autoclaved prior to 
washing and gloves and face masks were used. The cells were 
collected by centrifugation at 8,000 x g for 15 minutes and washed 
twice in PBS Buffer. Between 25-35g net weight of cells were used 
and resuspended at a final concentration of i/ (w/v) in PBS. The 
cells were fixed by the addition of formamide to a final concentration 
of 1.5% (v/v) and incubated at 22 0C for 90 minutes. 	The cells were 
recovered by centrifugation at 8,000 x g for 15 minutes, washed in 
PBS and finally resuspended at a concentration of 10% (w/v) in PBS. 
The cells were heat inactivated by addition to a 1 litre conical 
flask and swirling for 5 minutes in a water bath at 80 °C, followed 
by rapid cooling in ice. The cells were then gashed three times 
and finally resuspended at a final concentration of 10% (w/v) in PBS 
0 
and stored a L C. 
Just prior to use an appropriate amount of cells were pelleted 
and resuspended in NET buffer containing 0.5% (v/v) Nonidet P40 
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and incubated at room temperature for 15 minutes. 	The cells were 
washed once in NET buffer containing o.% (v/v) !'Tonidet P40 and 
finally resuspended in NET buffer at i 	(w/v) concentration. This 
treatment removed any free or lightly bound Protein A. 
OX(V) Preparation of Antisera 
Antisera was raised against Cucumber LSu and SSu RuBPCase by 
an adaptation of the method of Brandt et al. (1967). 	The samples 
of protein were prepared by electroelution as described in Section 
XIII and the final concentration of protein was approximately 30 pg/ml. 
To this solution was added an equal volume of Freunds Complete 
Adjuvant and 0.2 ml of emulsion were injected per mouse intra-
peritoneally with a 2-gauge needle. 	The injections were repeated 
every 7 days until 5  injections had been made. Four days after the 
last injection 0.1-0.2 ml of Sarcoma 180 cells were injected 
peritoneally to initiate ascites. 	The Sarcoma cells were obtained 
from freshly drawn ascitic fluid from a mouse with Sarcoma using 
a 22-gauge needle. Ascitic fluid was withdrawn from the mouse 
4-12 days post-tumor injection using an 18-gauge needle. 	Between 
1 0- 1 5 ml could be withdrawn from each mouse. Ascitic fluid was 
usually obtained 2-3 times allowing -10 days between fluid collections. 
The ascitic fluid was clarified before use by centrifugation at 
10,000 x g for 30 minutes at L °C. 
(xxvi) Immunodiffusion Tests 
The reactions of antisera used against Cucumber proteins were 
examined by Single or Double Immunodiffusion tests. 	These were 




NAT Buffer: 	0 . 1 4 M NaCl 
0.0 1/o Na Azide 
20 mM Tris-HC1 pH 7.4 
(a) 	Single Immunodiffusion Tests 
Gel solutions containing 2% (w/v) Agarose and between 0.19/6 - 
1.00/6 (v/v) antisera in NAT Buffer were prepared at 60 0 C. 	Gel 
volumes used were either 400 p1, cast on coverslips or 800 41, cast 
on microscope slides. 	If the gel was cast on a coverslip this 
in turn was attached to a microscope slide by L layers of Paraflim 
(American Can Co.). 	Once set, holes were punched in the gel in an 
asymmetric array using a Pasteur pipette attached to a water vacuum 
line. 	Approximately 1. 5 il of antigen solution were pipetted into 
the well, with care to avoid air bubbles. 	The gels were incubated 
in sealed Petri dishes or plastic lunch boxes on tissue paper soaked 
in NAT Buffer at 37°C for 24-48 hours. 
Immunoprecipitates were visualised by staining in Cbomassie 
Brilliant Blue R as follows: Gels were dried under pressure with 
Mediwipes (Kimberley Clark Ltd.) and washed twice for an hour in 
NAT Buffer. 	The gel was finally washed for 10 minutes in distilled 
water, dried with Mediwipes under pressure and finally fixed onto 
the microscope slide in a warm oven. 	The gel, dried onto the 
microscope slide was placed into O.Lj% (w/v) Coomassie Blue R, 
L% (v/v) Methanol, 7% (v/v) Acetic Acid, (filtered prior to use) 
for 10 minutes. 	Destaining for 2 minutes was carried out in L% (v/v) 
Methanol 10% Acetic acid. 	Excess destain was carefully removed from 
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the microscope slide with Mediwipes and the slide was allowed to 
stand on a bench to dry at room temperature. 
(b) Double Immunodiffusion.Tests 
This was carried out in the same manner as described for Single 
Immunodiffusion Tests, except that the antisera was not added to 
the gel. 	Once the gel was set a pentagonal array of holes were 
punched around a central hole at a distance of 7 mm. Antisera 
was pipetted into the central hole and into the surrounding array 
of holes were pipetted the antigen solutions. Diffusion was carried 
out as described in the previous section. The sensitivity was 
increased by the addition of 0.8% Picol (Pharmacia) to each well 24 
hours after the start of the immunodiffusion. Precipitates were 
stained and fixed as previously described. 
(ocvii) Immunoprecipitation of Labelled Proteins from Cell-free 
Translation Products 
(a) Immunoabsorption 
This was carried out using an irnniunoabsorbant column, 
(3 x i.5 cm) of anti-Spinach RUPC covalently linked to Sepharcse 
LB, prepared by the method of Gray. and Wildman (1976) (a kind gift 
from A. Gatenby). Labelled E. coli translation products 
(approximately 106  cpm), were added to 120 pl of buffer to produce 
a final concentration of 50 mlvi Tris-HC1 pH 7.8, 200 n NaCl and 
this was loaded onto the column and the binding, washing and 
elution carried out exactly as described by Gaten'oy and Cocking 
(1977). 40 	of BSA was added to the elutant as carrier and the 
protein precipitated by the additon of acetone to a final 
concentration of 8 0/6 (v/v). The precipitate was resuspended in 
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SDS-prctein-gel Sample Buffer and fractionated by electrophoresis 
as previously described. Labelled polrpeptides visualised by 
fluorography of the dried gels. 
(b) 	Direct ImmunDrecipitation 
The antisera used to precipitate cell-free products were 
raised against either Spinach RUPC or Cucumber LSu and SSu 
RuBPC as previously described. Precipitation of the antigen-
antibody complex was carried out with Staphylococcus aureus 
bound Protein A (Kessler, 1975). 	This technique relies on the fact that 
Protein A binds specifically and strongly to the Pc regions of most 
mammalian IgG subclasses (Kornvall et al., 1970). 
Immunoprecipitations were carried out using the complete 
incubation mix of the E. coli system or the ribosomal supernatant 
from Wheat germ incubations. 	In the latter case this was prepared 
by centrifugation of the incubation mixture at 105,000  x g foi 1 
hour and aliquots of the supernatant were used for immunoprecipitation. 
Generally to 25 p1 or 50 4 of the incubation mix or the ribosomal 
supernatant Jas added a suitable amount of antisera and the volume 
was made up to 150 4 or 300 p1 by the addition of Saline Buffer: 
10 mM Tris - HC1 pH 7.5, 5 thM EDTA, 1% (w/v) Triton X-100 and 500 mM 
NaCl. 	The amount of antisera to be used in each imrnunoprecipitation 
was obtained by titration experiments, where the amount of radio-
activity immunoprecipitated by increasing amounts of a specific 
antisera was estimated. A typical titration curve is shown in 
Figure 2.1. 	Immunoprecipitations were carried out at 27 ° C for an hour 
and then at 4 0C overnight. 	S. aureus suspension, after treatment 
with NET Buffer (as previously described) was then added and the 
Figure 2.1 	Titration of Antisera raised against Spinach 
RiiBPCase with the Translation Products of the 
E. coli System 
Increasing amounts of antisera raised against Spinach RuBPCase 
were added to 50  p1 of the E. coil translation products 
programmed by RNA extracted from Day 5  light-grown Cucumber 
cotyledons. Immunoprecipitates were carried out in a 
final volume of 10 ul as described in Materials and Methods. 
Imniunoprecipitates were collected by centrifugation after 
the addition of S. aureus-bound protein A. The imniuno-
precipitates were removed from the S. aureus cells by SDS 
treatment as described in Materials and Methods and the amounts 
of radioactivity were estimated by the scintillation counting 
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incubation continued at 27°C for an hour. Titration experiments 
showed that a maximum precipitation of antigen-antibody complexes 
was obtained by addition of x5 anti-sera volume of i/ (w/v) 
S. aureus suspension. 
The S. aureus cells were collected by centrifugation at 
12,000 x g for 3 minutes in a Micro-Haematocrit Centrifuge, washed 
once in Saline Buffer and then washed 3 times in Saline Buffer 
containing 0.1% (w/v) SDS. 	The antigen-antibody complexes were 
removed from the S. aureus cells by resuspension in SDS-protein-
gel Sample Buffer and the cells were pelleted by centrifugation 
at 12,000 x g for 5 minutes in a Micro-Haematocrit centrifuge. 
The supernatant was carefully removed and fractionated on 1,C% or 
2/o polyacrylamide gels containing SDS. 	The immunoprecipitated 
proteins were visualised by autoradiography or fluorography of the 
dried gels. 	To estimate the amount's of radioactivity present in 
immunoprecipitates, duplicate 5 l samples were removed from 
supernatant prior to gel electrophoresis, spotted onto discs 
of Whatman 3 PilI Chromatography paper and analysed as previously 
described. 
(XT-VIII) 	In Vivo Labelling of Cucumber Cotyledons 
Developmentally related changes in protein synthesis were 
investigated by in vivo pulse labelling of the cotyledons with 
[35S] met. 	In order to minimise bacterial contamination all glass- 
ware and media were sterilised by autoclaving before use. 
Cucumber seeds were surface sterilised with a 1:30 dilution 
of Sodium Hypochlorite (BDH Stock Solution) for 5 minutes, 
neutralised in 0.01 N HC1 for 10 minutes and washed 8 times in 
85. 
20 volumes of sterile water. 	The seeds were then imbibed 
overnight at 4
0C in the dark and planted in sterile vermiculute 
as normal and watered daily with sterile water. 
In vivo labelling was crried out 2)4 hours before harvesting. 
Four cotyledons were excised from separate seedlings of each stage 
of development and placed between Whatman 3 PHq chromatography paper 
and the side of clear plastic containers (6 cm x 4.5 cm diameter). 
The 3 MM paper, which was 1.5 cm wide allowed at least half of the 
cotyledon to be exposed above the top of the 'wick' thus facilitating 
gaseous exchange. 	2.3 ml of sterile water containing 25-28 Ci/m 
[35S]met was placed in the bottom of the containers and this was 
enough to allow saturation of the 3 MM paper over the period of 
the labelling. 	For Day 0 cotyledons, four excised cotyledons were 
imbibed in 2 ml of labelling media at 4
0
C in the dark for 24 hours. 
After the labelling period the cotyledons were rinsed several times 
in sterile water and dried on tissue paper. Total homogenate 
protein was prepared by homogenisation of the cotyledons in 2.5 ml 




and 2 mM ]Yfi n a ass on glass Potter homogeniser at )4 C. 
Homogenate volume was estimated by weight and a 1.5 ml aliquot 
was removed and centrifuged at 12,000 x g for 10 minutes in a Micro-
Haematocrit centrifuge. The supernatant was removed and is referred 
to here as the supernatant fraction. Uptake and incorporation of 
radioactivity was determined by: 	i) Duplicate 20 tl aliquots 
were removed from the homogenate, spotted onto discs of Whatman 
3 MM chromatography paper and the radioactivity estimated by 
scintillation counting directly, this is a measure of uptake of 
L1 met by the cotyledons. 	ii) Duplicate 20jl aliquots of the 
00. 
homogenate and supernatant fractions were processed by the method 
of Mans and Novelli (1961) as previously described, to give an 
estimation of incorporation of [1 5jmet into protein. 	iii) Duplicate 
20 1 aliquots of the labelling media were also taken to determine 
the amount of radioactivity supplied to the cotyledons. 
The labelled proteins were analysed by fractionation on 
i% polyacrylamide-gels containing SDS and visualised by fluorography 
of the dried gel, as described. previously. Approximately 20,000 cpm 
of radioactivity from a particular day of development were loaded 
onto each slot of the gel. 
87. 
Chapter 3. 	Characterisation of the E. coil Translation System 
Introduction 
The aim of this thesis is to examine the regulation of 
synthesis of chioroplast proteins within the cotyledons during 
germination and early development of Cucumber seedlings. Thus 
I have been interested not only in the synthesis of proteins 
within the chioroplast, but also those proteins synthesized in 
the cytoplasm but destined to have a functional role within the 
chioroplast. To this end I have used E. coil and Wheat germ 
translation systems .prcgrammed with RNAs extracted from the tissue 
at different stages of development, as well as a translation 
system using isolated chiãropiasts extracted from different stages 
of light—grown development and incubated with [35S]  metin vitro 
In consequence, an important part of this project has involved 
the preparation and optimisation of these systems, as well as 
characterisation of the labelled translation products. This 
Chapter, and Chapters Lj. and 5  will describe these aspects of the 
work. 
The E. coil Translation System 
As we have seen in Chapter 1, the E. coil translation 
system has been used successfully to translate chioroplast 
mRNAs (Hartley et al., 197; Bottomley et al., 1976, 1977). 
Thus it appeared to be a useful system to assay changes in 
translatable chloroplast mRNAs extracted from cotyledons of 
different stages of Cucumber seedling development. 
(III) Characterisation of the Conditions for Incorporation of 
[3]met using the E. coli Translation System 
Routinely each preparation of S-30 extract, prepared as 
described in Materials and Methods (p. 67 ), was optimised to 
give the maximum incorporation of radioactivity into TCA-
precipitable protein with respect to different magnesium and 
potassium ion concentrations. Spinach or Pea leaf total RNA 
or Cucumber Cotyledon total RNA was used to programme the E. coli 
translation system in optimisation experiments. The results 
obtained with each RNA were similar and were also found to be 
similar to results obtained when the system was programmed with 
chloroplast RNA purified from either Spinach and Pea leaves or 
Cucumber cotyledons. In Figure 3.1 the effect of different ion 
concentrations on incorporation of radioactivity by the system 
is shown. It was found that whereas there was an optimal 
Mg 
2+  ion concentration to produce maximum incorporation of 
[3 ]met, this was not the case for K+  ion concentration. This 
observation has been reported by other workers (Schwartz, 1967; 
Modollel, 1971). The concentration of Tris-HC1 and NHCl can 
be varied within reasonable limits (30-100 MM) without affecting 
the activity of the system (Modollel, 1971). 
Autoradiography of the [3]met  labelled translation 
products following SDS-polyacrylamide-gel electrophoresis shows 
that although the overall levels of radioactivity incorporated 
into protein may change, the spectrum of the translation 
products remains similar, and there is no enhancement of trans- 
lation of a particular polypeptide at different ion concentrations. 
NVU 
Fire 3.1 	Effect of Mg 2+-  and K Concentration on 
methionine Incorporation into Protein by the 
E. coil Translation System 
An E. coil translation system was prepared and incubated 
as described in Materials and Methods (p. 67) with 1 5 pg total 
Spinach RNA. The ion concentration was adjusted by addition 
of the appropriate amount of either (a) 50 mM Mg acetate, 
the K+  ion concentration being held constant at 10 mM, or 
(b) 100mM K acetate, the Mg 2+ ion concentration held 
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This observation is in contrast to the observation of other 
workers who found that fidelity of translation, using viral 
RNAs, was maximal at Mg 
2+  concentration lower than that 
required for maximal incorporation (Capecchi, 1967; Salser 
et al., 1 967). 
Routinely, 10 p.1 (A 260 2 units) of the E. coli extract, 
prepared as described in Materials and Methods, were incubated 
at 37°C with additions of Stock solutions, described in Materials 
and Methods, to produce in a volume of 50 p.1 the final 
concentrations of: 
Tris-acetate pH 8.0 	 50 mm 
NHL acetate 	 75 mm 
Mg acetate 	 10 MM 
K acetate 	 10 mm 
PEP 	 10 mm 
ATP 	 6 m 
GTP 	 1 M 
Pyruvate Kinase 	 0.48 units 
DTT 	 2 m 
Calcium Leucovorin 	 160 mM 
19 12C amino acids (- met) 	 0.025 mM each 
[35s] met 5p.Ci 
RNA 	 1-1004g 
Initial work with this translation system showed that the 
addition of a formyl donor was unnecessary (Whitfeld et al., 1 973; 
Bottomley et al., 1976). However, in my hands, the translation 
system programmed with total and chioroplast RNA extracted from 
Spinach leaves and Cucumber cotyledons showed a stimulation of 
90. 
incorporation of up to 10-fold by the addition of Calcium 
Leucovorin at a concentration of 160 mM (5 P9 per incubation). 
It was found that the optimum Mg 2+  ion concentration varied 
with the presence or absence of the formyl donor. Similar 
results have been reported for protein synthesis directed by 
MS2 RNA (Kolakof sky and Nakamoto, 1966) and TMV RNA (Schwartz, 
1967). 	It has also been shown that there is an increased 
requirement for a formyl donor for maximum incorporation 
following storage of the S-30 extract (Kolakof sky and Nakamoto, 
1966). These authors suggested that the increase in Mg 2+  ion 
concentration required for maximum incorporation in the absence 
of a formyl donor may make non-formylated aminoacyl-tRNA more 
effective as an initiator. 
The time course of the incorporation of [35s] met into 
TCA-precipitable protein by the translation system programmed 
by various RNAs is shown in Figure 3.2. It can be seen that 
incorporation is approximately linear for the first 10 minutes 
and continues to increase for another 5 minutes after which there 
is an apparent decline. This time course of incorporation has 
been observed by other workers (Schwartz, 1967; Modollel, 1971), 
and it has been suggested that the decline in the overall 
radioactivity incorporated may be caused by proteolysis 
(Schwartz, 1967). Thus incubations were terminated after 20 
minutes and in the following data, where radioactivity incorporated 
by the E. coli system is quoted, the 15 minute time point is used. 
Viral RNAs are good templates in the system and their well-
defined translation products allowed me to verify the fidelity 
of translation of the system. As discussed in Chapter 1, 
Figure 3.2. Time course of [35] methionine Incorporation 
into Protein by the E. coil Translation 
System 
An E. coli translation system was prepared and incubated 
as described in Materials and Methods (p. 67 ) with various 
RNAs in separate experiments. 
Viral RNA 
Minus RNA (u - s), Cowpea strain of TMV, L Ii.g (v-v), 
Wild type TMV, 5.2 .ig (s-s), BMV, 19.2 g (0-0), 
PP7, 6 g (v - v), R17, t tg (o-o), 	16 	(A_A). 
Chioroplast RNA 
Minus RNA (U-.),  Spinach, 29.2 .ig (o-o), Pea, 28.8 g 
(A - A), Cucumber cotyledon Day 5 light-grown, 28.0 ig 
( - 
Total RNA 
Minus RNA (.-U),  Spinach leaf, 29.2 	tg (o-o), Pea 
leaf, 28.8 .ig (A-A), Cucumber cotyledon Day 5 light- 
grown, 28.8 p.g(E-E). 
Fractionated Cucumber Day 5 Cotyledon RNA 
Minus RNA (u-u), Total 28.8 p.g (o-o), Poly(A)+ , 
2.2 p.g (A_A), Poly(A), 29.0 ig (0-0). 
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eucaryotic viral INAs are very active in the system. Indeed, 
in the example shown in Figure 3.2, the R1'TAs from the two strains 
of TNV appear to be as effective as bacteriophage RNA: Q, R17, 
PP7, in the levels of stimulation produced (see Fig. 3.2a). 	In 
general, total and chloroplast RNA extracted from the leaves of 
Pea and Spinach and the cotyledons of Cucumber stimulate the 
system to a lesser extent on a per pg basis (see Fig. 3.2 b-c). 
When similar amounts of total leaf and chioroplast RNA are used 
to direct the system, chioroplast RNA gives higher levels of 
incorporation on a per p.g basis as previously observed (Bottomley 
et al., 1976). However, in contrast, this is not generally 
the case when comparing the incorporation programmed by Cucumber 
total cotyledon RNA and chloroplast RNA from the same tissue 
(see Fig. 3.2 b-c). 
Total cotyledon RNA was fractionated using an oligo (dT)-
cellulose column into poly (A) containing RNA: (poly(A) 	A) 
and RNA excluded from the oligo (dT) column: (poly(A) RNA). On 
a per .ig basis the incorporation produced using total cotyledon 
RNA and poly(A) RNA from the same tissue is similar (see Fig. 
3.2 d). It was found that the poly(A) RNA fraction on a per 
basis was a very good template in the system and this will be 
discussed further in Chapter 3, Section VII. 
(Iv) Estimation of Molecular Weights of Polypeptides 
Synthesized In Vitro 
In general, the translation products from each translation 
system were analysed by fractionation on i% polyacrylamide-gels 
containing SDS and the [S]met  labelled polypeptides were 
92. 
visualised by autoradlography of the dried gel as described in 
Materials and Methods (p. 	The apparent molecular weights 
of the labelled polypeptides were estimated by comparison with 
standard proteins of known molecular weights according to the 
method of Weber and Osborn (1969). 
Figure 3.3 shows a plot of the electrophoretic mobility 
of standard polypeptides against the log 10 
 of their molecular 
weights. Using such calibration curves, the molecular weights 
of the labelled polypeptides were estimated. 
(v) Analysis of the Translation Products of the E. coli 
System Directed by Viral RNAs 
Analysis of the translational products of the E. ccli trans-
lation system directed by viral RNAs not only allowed me to 
investigate which viral polypeptides can be translated on E. coli 
ribosomes in vitro, but also, in the case of bacteriophage RNA, 
the products of which are well characterised, to check the 
fidelity of the translation system 
Schwartz (1967) previously reported that eucaryotic viral 
RNAs programme the synthesis of a variety of polypeptides 
(see Pig. 3.4, tracks a—b—c) by the E. coil translation system. 
TNV RNA has been reported to direct the synthesis of 
three polypeptides in eucaryotic translation systems. These 
polypeptides have molecular weights of 16,000, 140,000 and 
17,500 , the latter being the viral coat protein (Hunter et al., 1976; 
Whitfeid and Higgins, 1977). No high molecular weight 
polypeptides are seen amongst the translation products of the 
E. coil system directed by RNA from two strains of TNV. 
Figure 3.3 Calibration Curve for Determination of 
Molecular Weight of Polypeptides Fractionated 
by SDS—Polyacrylamide—Gel Electrophoresis 
Electrophoresis was carried out using i% (w/v) 
polyacrylamide slab gels containing SDS, as described in 
Materials and Methods (p. 3). 	The electrophoretic 
mobilities of the standard marker proteins were plotted 
against the log of their known molecular weights as 
described in Weber and Osborn ( 1 969). 
Standard Marker Proteins: Bovine Serum Albumin 
(68,000 N); Catalase (60,000 N); Aldolase 40,000 N); 
Carbonic Anhydrase (29,000 N); Trypsin Inhibitor 
(Soybean) (21,000 N); 	Myoglobin (17,00b Mr);  Lysozyme 
(14,300 
Mr 
 ); Cytochrome c (11,700 N). 











Figure 3.4 Analysis of the Translation Products of the 
E. coil Translation *s- tem Directed by Viral 
1;11W 
The E. coil translation system was prepared and 
incubated, as described in Materials and Methods, with 
viral ENAs. Total translation products were fractionated 
on i% polyacrylamide-gels containing SDS in parallel with 
marker proteins as described for Figure 3.3. Radioactive 
polypeptides were visualised by autoradiography of the 
dried gel as described in Materials and Methods. The 
time courses of the incorporation correspond with those 
in Figure 3.2 (except for tracks i-h). Arrows indicate 
the expected position of TMV coat protein (track a) and 
bacteriophage coat protein and replicase (track i). 
Tracks (a-f) and (g-i) were on separate gels. 
Track (a) Cowpea strain TMV RNA; (b) Wild type TMV RNA; 
(c) Total BMV RNA; (d) QpRNA; (e) R17 RNA; 
(f) PP7 RNA; (g) minus RNA; (h) MS2 RNA, (3 rig); 
(i) MS2 m'IA,(6 rig). 
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However, a polypeptide of approximately 17,000 N is seen amongst 
the translation products directed by the RNA of Cowpea strain 
of TNV (Pig. 3.4 arrowed). This RNA has previously been shown 
to code for TMV coat protein .in the Wheat germ translation system 
(Higgins et al., 1976). 	In the absence of immu.noprecipitation 
data it can only be tentatively suggested that this polypeptide 
is the coat protein which previously was thought not to be 
translated correctly in the E. coli translation system (Schwartz, 
1967; Hunter et al., 1976). 
In eucaryotic translation systems BMV RNA directs the 
synthesis of two major polypeptides of 20,000 and 3,000 N 
(Shih and.Kaesbu.rg, 1 973), the former being the viral coat protein. 
Amongst the E. ccli translation products (Pig. 3.4 c) two 
prominent labelled polypeptides are seen. However, neither appears 
to correspond in molecular weight to the viral polypeptides. 
It has been reported that the E. coli system programmed by BNV RNA 
yields a polypeptide, which on tryptic peptide mapping "resembles 
in some aspects coat protein" (Stubbs and Kaesburg, 1967). 
My results confirm previous reports that although 
eucaryotic viral RNAs stimulate the E. coli system, they do not 
appear to act as effective templates for correct translation of 
viral proteins. 
The bacteriophages, the RNA of which is used here, are all 
closely related, are well characterised and have proved to be 
model sources of polycistronic mRNAs (Kozak and Nathans, 1972; 
Atkins and Gesteland, 197). In each case three polypeptides 
are coded for. However, differences in the efficiency of poly-
peptide chain initiation result in only two viral polypeptides 
9L1.. 
being seen among the products of the E. coil translation system 
(Lodish and Robertson, 1970). These are the coat protein and 
replicase of approximately 15,000 and 66,000 Mr  respectively. 
In the examples shown here (Fig. 3.4, tracks d-e-f-h-i) a range 
of polypeptides is seen. The majority of these are thought 
to be the result of premature termination of replicase mRIA 
translation (Atkins and Gesteland, 1975). This may be the reason 
for the relatively small amounts of replicase and increased 
amounts of intermediate sized polypeptides seen amongst the 
translation products directed by QRITA compared with R17 RNA. 
It has also been found that intermediate sized polypeptides arise 
from the read through of the termination signal of the coat 
protein mRNA (Horiuchi et al., 1971; Weiner and Weber, 1971, 
1 973). The coat protein of QjS does not contain methionine 
(Jockusch et al., 1970) hence it would not be expected to appear 
among the translation products labelled with [S]met.  However, 
it does appear to be present, as previously reported (Atkins 
et al., 1975; Atkins and Gesteland, 1975)9 suggesting that the 
E. coil system does not remove the N-formyl methionine from the 
completed polypeptides (Davies and Kaesburg, 1973). 
The translation products directed by R17 and MS 2 RNAs are 
similar, reflecting their similar genomes (Atkins and Gesteland, 
1 975). Both code for two polypeptides with a molecular weight 
similar to replicase (Fig. 3.4 arrowed). It is thought that 
both are products of translation of the replicase mRNA with the 
larger polypeptide arising from the read through of a naturally 
occurring amber codon (Atkins and Gesteland, 1975). Both strains 
of E. coli used to prepare the S-30 extract are 'suppressor' strains 
9. 
which 'suppress' the effect of amber codons and thus in this case 
would cause a read through. 
Bacteriophage PP7 infects Pseudomonas strains of bacteria. 
However, two major polypeptides with molecular weights corresponding 
to a replicase and coat protein are among the translation 
products in the E. coli system (Fig.3.4f) as has been reported by 
others (Davies and Benike, 1974). 
It appears then that the E. coli system translates bacterio-
phage RNAs with fidelity and is thus apparently free of fllcAase 
activity (J. Atkins, personal communication), but possibly fails to 
remove the N-formyl methionine from completed poly-peptides. These 
results also illustrate the need for caution in analysis of 
translation products of cell-free translation systems in general, 
showing that distinct polypeptides may not be specific gene 
products, but the result of premature termination or termination 
read through. 
(vi) Analysis of the Translation Products of the E. ccli 
System Directed by Plant RNAs 
The optimised E. ccli translation system when programmed 
with plant RNA gives translation products which are similar to those 
previously reported (Hartley et al., 1975; Bottomley et al., 
1976 , 1977, 1979), (see Pig. 3.5). 	The spectrum of translation 
products programmed by RNA extracted from Pea and Spinach leaves 
and Cucumber cotyledons are similar, and those directed by total 
and chioroplast RNA are essentially the same. These findings 
confirm earlier work (Bottomley et al., 1977) which suggested 
that the E. ccli translation system preferentially translated 
Figure 3.5 Analysis of the Translation Products of the 
E. coil Translation System Directed by Plant 
ENAs 
The E. coli translation system was prepared and 
incubated as described in Materials and Methods with Plant 
BIlks. Total translation products were fractionated on 
SDS-polyacrylamide-gels and visualised as described in 
Materials and Methods. The time courses of incorporation 
correspond to those in Figure 3.2. 
Tracks (A-D) BIlk extracted from Cucumber Day 5 light-
grown cotyledons: 	(A) Chioroplast RNA, 28 pg; 
(B) Chloroplast RNA, 14 .tg; (a) Total RNA, 28,8 g; 
Total RNA, 14,4 pg. 
Tracks (E-H) RNA extracted from Spinach Leaves: 
Chloroplast RNA, 29,2 rig; () Chioroplast RNA, 
14.6 .Lg; (G) Total RNA, 29.2 p.gm; (a) Total RNA, 14.6 pg. 
Tracks (I-L) RNA extracted from Pea Leaves: 
(I) Chloroplast RNA, 28,8 pg; (J) Chioroplast RNA, 1 4.4 pg; 
(K) Total RNA, 28.2 pg; (L) Total RNA, 14.1 pg. 
Track (M) minus nih. 
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chioroplast mRNAs present in total RNA. 
Close inspection reveals that total and chloropiast Cucumber 
• cotyledon RNA directs the synthesis of at least 14 distinct poly—
peptides, and total leaf and chioroplast RNA, extracted from 
Spinach and Peas, 16 each. 	It is apparent that several of the 
polypeptides appear common to the products directed by RNAs from 
all three sources. Analysis of the translation products showed 
that they did not change qualitatively with time of incubation 
once the full spectra of products had become resolvable by 
autoradiography. The product profile was not affected by the 
addition of unlabelled methionine after 15 minutes of incubation 
indicating that no proteolysis or precursor processing takes 
place in the system. Nor was it affected by the treatment of the 
RNA with formaldehyde to destroy the secondary structure of the 
RNA (Lodish and Robertson, 1969). 
Incubation of the E. coli translation system, programmed 
with Cucumber total RNA, with a [14C] protein hydrolysate 
yielded similar translation product profiles to those labelled 
with [35s] -methionine. This indicates that all the translation 
products of the E. coil system programmed by Cucumber total RNA 
contain methionine.' 
-I 
Obviously caution is required in the identification of the 
translation products, but the appearance of polypeptides of 
similar molecular weight directed by RNA extracted from different 
plant tissue, if not fortuitous, would indicate that these are 
translation products of chioroplast mRNAs common to each tissue. 
To date only one polypeptide amongst the E. coli translation 
products has been positively identified. This is the major 
96. 
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product of the system programmed with Pea and Spinach chioroplast 
RNA with an apparent molecular weight of 55,000 which co-migrates 
with the LSu RuBPCase, produces similar enzymatic digests with 
tryptic peptide mapping (Hartley et al., 197) and limited 
proteolytic digestion (Bottomley et al., 1 979). 
A major product of the system directed by Cucumber RNA is 
a 54,000 N polypeptide which does not co-migrate with a stained 
E. coil S-30 protein on SDS-polyacrylamide-gel electrophoresis, which 
may be tentatively identified as LSu RuBPCase. 
Positive identification of LSu RuBPCase among the translation 
products of Cucumber, total and chioroplast RNA, has been shown 
by (i) co-migration with authentic LSu RuBPCase on SDS-poly-
acrylamide-gel electrophoresis and (ii) immunoprecipitation and 
subsequent analysis of the precipitated polypeptides on SDS-poly-
acrylamide-gels. Preliminary results using limited proteolytic 
digestion (Cleveland et al., 1978) would indicate that the 54,000 N 
polypeptid.e is indeed LSu RuBPCase (not shown). 
Immunoprecipitation of the LSu RuBPCase from the in vitro 
translation products has been carried out in two ways: 
the translation products have been passed through 
an irnmunoabsorbant column of anti-Spinach RiiBPCase 
covalently linked to Sepharose 4B. The bound 
material was eluted and analysed by SDS-polyacrylamide-
gel electrophoresis, 
direct immunoprecipitation was carried out on the 
complete translation products or the supernatant 
obtained after centrifugation of the translation 
products at 10,000 x g for an hour, (referred to 
ME 
hereafter as the ribosomal supernatant). Anti- 
sera used was raised against Spinach RuBPCase or 
Cucumber LSu RuBPCase. Precipitation of the 
antigen-antibody complex was carried out by the 
addition of S. aureus bound Protein A as described 
in Materials and Methods (p. 83 ). 
In each case the 54,000  N polypeptide was immunoprecipitated 
(see, for example, Fig. 3.6). 	Thus LSu RuBPCase appears to 
be a product coded for by Cucumber RNA as assayed in the 
E. coli translation system. 	It also appears to be a major 
product in vitro of Pea and Spinach RNAs, in the latter case 
amounting to approximately 17% of the total radioactivity 
incorporated. Close inspection of the 55, 000 Mr region of the 
SDS-polyacrylamide-gel profile of the translation products of 
the E. coli system directed by total and chioroplast RNA 
extracted from Spinach leaves reveals that the major polypeptide 
is a doublet. Bottomley et al..;(1979) have observed that an 
E. coli transcription and translation system programmed with 
Spinach Chioroplast DNA produces a polypeptide slightly larger 
than LSu RuBPCase. 
(VII) Analysis of the Translation Products of the E. coli 
System Directed by Poly (A) and Poly (A) Fractions 
of Total Cucumber Cotyledon RNA 
Total cotyledon RNA was extracted from Day 5 light-grown 
Cucumber seedlings and fractionated into poly (A) and poly (A) 
RNAon a column of oligo (dT)-cellulose. The translation 
products of the E. coli system programmed with poly (A) and 
Figure 3.6 linniunoprecipitation of LSu RuBPCase from 
the Translation Products of the E. coli 
System Directed by Cucumber Total RNA 
The E. coli system was incubated with Day 5  light-grown 
Cucumber cotyledon total RNA and immunoprecipitated directly 
as described in Materials and Methods (p.  83) using antisera 
raised against Spinach RuBPCase. The iinniunoprecipitated 
proteins were analysed by SDS-polyacrylamide-gel electro-
phoresis with autoradiography of the dried gel as described 
in Materials and Methods. The autoradiograph was scanned 
using a Kipp and Zonen Densitometer. Analysis of the 
precipitate obtained by the addition of pre-immune sera 
yielded only low molecular weight polypeptides over the same 
period of autoradiograph exposure. 
Complete translation products 
Immunoprecipitate 
Fig-3.6 
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poly (A) RNA and total and chioroplast RNA extracted from tissue 
at the same stage of development are shown in Figure 3.7. Ny 
results confirm the previous findings that the LSu RuBPCase is not 
present among the translation products directed by poly (A) RNA 
(Wheeler and Hartley, 197; Sagher et al., 17'6). 	The products 
that are programmed by poly (A) RNA resemble those directed by 
total and chloroplast RNAs. As previously shown in Figure 3.2 d, 
poly (A) RNA on a per g basis provides a very active template 
for the E. coli translation system. 	Analysis of the translation 
products of the E. coli system directed by poly (A) RNA reveals 
a number of polypeptides, some of which co-migrate with poly- 
peptides programmed by total and chloroplast RNA. It is possible 
that these polypeptides are coded for by the chloroplast RNA 
containing short sequences of poly (A) similar to those reported 
in Maize chioroplast RNA (Haff and Bogorad, 1976). The presence 
of these polypeptides among the translation products directed 
by total and chloroplast RNAs would indicate that they are not 
produced as a result of premature termination of translation of 
the LSu mRNA. Although it has not been experimentally proven, 
it is thought that fractionation of poly (A) on oligo (aT)-
cellulose does not allow the recovery of RUNA containing less than 
20 adenosine nucleotides (Cabada et al., 1977). 	The apparent 
presence of some polypeptides common to the translation products 
programmed by poly (A) and poly (A) RNA suggests that these 
polypeptides are coded for by RNA containing tracts of poly (A) 
of more or less than 20 adenosine nucleotides respectively. 
99. 
Figure 3.7 Analysis of the Translation Products of the 
E. coli System Directed by Poly (A) and 
Poly(A Fractions of Cucumber Cotyledon 
Total RNA 
The E. coil transiationsystem was prepared and 
incubated as described in Materials and Methods with 
various RNA fractions prepared from Day 5 light-grown 
cotyledons. Equal amounts of radioactivity were loaded 
onto each slot of the SDS-poiyacrylaznide-gel and analysed 
as described in Materials and Methods. 
Track (a) minus RNA; (b) Cotyledon total RNA, 28.8 rig; 
(c) Chioroplast RNA, 28.0 .Lg; (d) Poly(A) RNA, 1.1 ig; 
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(VIII) 	Analysis of one 	nsa:ion Products o' the E. ooli 
Srsoem Direoei by Isolated. Polvsomes 
It was thought that, if successful, analysis of the poiy-
peptides produced in the translation system under the direction 
of polysomes isolated. from Cucumber cotyledons of different 
stages of development would provide an indication of when the 
RNA in question is being translated in T±ITO • 	Such 'polysome 
run-off' experiments have been described using an E. ccli system 
(Alocher et al., 1975), and have also been successful :-sin, a Wheat 
germ translation system (Sun et al., i97; Beachy et al., 1975; 
Larkins and Han, 1978). 
After several unsuccessful attempts using polysomes from 
Cucumber cotyledons, it was decided to compare the translation 
products directed by polysomes from this tissue with those isolated 
from the Spinach leaves in a similar manner. 	Jthough it has been 
proposed that LSu RuB?Case is translated in the stroma of the 
chloroplast (Ellis, 1977), there is some evidence that chloroplR.st 
polysomes are membrane bound (Falk, 1969; Philipovich et 21., 1 973; 
Cnua et al., 1973). 	Thus parallel extractions were carried out 
using 19,o' (w/v) Triton X-100 and 31 0' (v/v) Nonidet PLO in the 
extraction buffer, the latter being reported to remove chioroplast 
polysomes from the membranes (Margulies and Weisstrop, 1976). 
Figuie 3.8 shows the translation products directed by pulysornes 
extracted from the two types of tissue with each extraction 
procedure. 	Whereas active polysornes were not recovered from 
Cucumber cotyledons, it appears that the use of the two detergents 
in the extraction media does not result in the isolation of 
different populations of polysomes. 	It was thought that RNAase 
Figure 3.8 Analysis of the Translation Products of the 
E. coil System Incubated with Polysomes 
Polysomes were isolated from Day 5 light-grown Cucumber 
cotyledons or the expanding first leaves of Spinach, in 
media containing 1% (w/v) Triton X-100 or 	(v/v) 
Nonidet P 40 and A260 0.5 units were incubated in an E. coli 
translation system as described in Materials and Methods 
(p. 62). 	Total translation products were loaded onto each 
slot of 15% polyacrylamide-gels containing SDS and analysed 
as described in Materials and Methods. The minus RNA control 
contained no prominent bands. 
Tracks (a) Cucumber polysomes, Triton X-100 (2.59 x 10 cprn) 
Cucumber polysomes, Nonidet P 40 (3.2 x 10 cpm) 
Spinach polysomes, Triton X-100 (9.34 x 10 cpm) 
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activity in the cotyledons may be the cause of my inability to 
extract active polysomes from Cucumber and more recently it has 
been found that indeed this is the case (J—M. Grienenberger, 
Dersonal communication). 
Spinach polysomes appear to be quite active in the system 
and it is useful to compare these 'polysome run-off' products with 
those directed by Spinach RNA (Fig. 3., tracks E-F-G-H). 	The 
polypeptide products synthesized by'polysomal run-off' appear to 
be more clearly defined and there is an absence of labelled small 
molecular weit material. 
(Ix) The Effect of RNA Concentration on Incorporation by the 
E. coli Translation System 
Incubation of increasing amounts of RNA from plant tissue 
with E. coli system, generally leads to an increase in overall 
incorporation of [3'S] met(Fig. 3.9). 	At low levels (up to 
20 p.g per incubation,LjOO ig/ml) of chloroplast and total RNA, 
[3 J met incorporation is proportional to the amount of RNk 
added. 
As previously shown (Fig. 3.2 b-c), Spinach chloroplast 
RNA is more active than Spinach total RNA on a per pg basis 
(Fig. 3.9 a). 	Increasing the amounts of total RNA further 
results in a reduction in overall radioactivity incorporated 
at approximately 90 ig per incubation, (1.8 mg/ml) whereas this 
is not seen when chloropiast RNA is used at concentrations of 
up to 200 ig per incubation (L mg/mi). Although these results 
are similar to those previously reported (Bottomley et al., 
1976), these workers did not observe a reduction in overall 
101. 
Figure 3.9 Effect of Increasing RNA Concentrations on 
P Nethionine Incorporation into Protein 
by the E. coli System 
The E. coil translation system was prepared and incubated 
as described in Materials and Methods in separate experiments 
with increasing amounts of plant RNAs. 
Spinach leaf RNA 
Chloroplast (s-s),  Total leaf (0-0). 
Cucumber Day 5 light-grown Cotyledon RNA. 
Chloroplast (s-.), Total cotyledon (,& -,&). 
Cucumber Day 5 light-grown cotyledon RNA 
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incorporation when using even larger amounts of total RNA. 
Total Cucumber cotyledon RNA appears as active as 
chloroplast RNA on a per pg basis (Fig. 3.9 b). 	Once more, 
at higher levels of total RNA there is a reduction in 
incorporation which is not seen when chioroplast RNA is used. 
As we have observed, Cucumber poly (A)+  RNA appears to be a 
very active template in the E. coli system (Fig. 3.9 c). 	It 
is apparent that total and Poly (A) RNA from the same tissue 
stimulate incorporation of [35s] met in the system in a similar 
manner. 
When increasing amounts of RNA are used in the system, most 
of the labelled polypeptide products appear to become more 
distinct among the total translation product profile. However, 
at the high input levels of total RNA where the overall 
incorporation declines, the relative prcportions of the trans-
lation products change. 
Densitometric scans of the autoradiographs of the trans-
lation products directed by increasing amounts of total Cucumber 
cotyledon RNA are shown in Figure 3.10, and these correspond to 
the total amounts of radioactivity incorporated as shown in 
Figure 3.9 b. Although the reduction in the overall incorporation 
with increasing RNA concentration is reflected in a reduction 
in the total amount of [35S]  metlabelled translation products 
that are seen, the amounts of LSu RuBPCase synthesized relative 
to the other products increase 	Similar differential trans- 
lation has been seen in other systems (for example, Stewart et al., 
1973; Hall and Arnstein, 1973; Sonenshein and Brawerman, 1976, 
1977). 	This has been shown to be due to differences in the 
102. 
Figure 3.10 Effect of Increasing RNA Concentrations on 
the Translation Products of the E. coli 
System 
The E. coli translation system was prepared and incubated 
as described in Materials and Methods with increasing amounts 
of Cucumber Day 5 light-grown cotyledon RNA. The 
corresponding total radioactivity incorporated is shown in 
Fig. 3.9b. The total translation products were fractionated 
on i% polyacrylamide-gels containing SDS as described in 
Materials and Methods and the autoradiographs of the 
translation products were scanned using a Kipp and Zonen 
Densitometer. 	 - 
Fig.310 
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rate of initiation of translation of specific rnRics (Lodish and 
Jacobsen, 1972; McKeehan, 1974; Lomedico and Saunders, 1977). 
As a result of this a model has been proposed that such 
differential translation is dependent on the relative affinities 
of specific mRNA5 to rate limiting initiation factors (Lodish, 
1 9Th). 
The results reported here could be interpreted similarly. 
At low concentrations of R1'IAs, competition for 'rate controlling 
elements' is not severe and all RNAs are translated with equal 
efficiency. With increasing quantities of RNAs, the translation 
apparatus becomes saturated and the inRNAs (in our case the mRNA 
for LSu RuBPCase) with higher affinity for the relevant'rate 
controlling element' are translated preferentially. 	This would 
be in agreement with the proposal that efficient initiation is 
an important factor in the regulation of synthesis of those 
proteins that are particularly abundant in nature (Sonenshein 
and Brawerman, 1976, 1977). 	Such results would lead us to 
question the indiscriminate use of cell free systems with the 
assumption that the resultant translation products reflect the 
true complexity and abundance of mRNAs within the total RNA 
used to direct the system. 	Hence, in the following experiments 
conducted to investigate the levels of LSu niRNA in developing 
Cucumber cotyledons, care was taken to use concentrations of 
RNA that would not result in the preferential synthesis of LSu0 
10)4. 
ChaDterLL. 	Characterisation of the Wheat Germ Translation System 
Introduction 
The observation that the Wheat germ system preferentially 
translated those mRNAs normally translated in the cytoplasm when 
programmed with total leaf RNA (Bottomley et al., 1976, 1977) 
suggested that the system programmed with total cotyledon PLNA 
would translate cytoplasmic mRNAs including those that code 
for chloroplast polypeptides. 	Thus it appeared to be a useful 
system, when programmed with RNA extracted from cotyledons of 
different stages of Cucumber seedling development, to assay 
changes in translatable mRNA coding for chloroplast proteins which 
are synthesized in the cytoplasm. 	These experiments were 
carried out using a Wheat germ translation system optimised for 
use with Cucumber RNA by Ms. E. M. Weir. 
Conditions for Incorporation of P1met using the Wheat 
Germ Translation System 
Routinely, 10 i (A260 1.4 units) of the Wheat germ extract 
prepared as described in Materials and Methods (p.71 ), were 
incubated at 2 00. with additions of Stock solutions described 
in Materials and Methods (p. 72), to produce in a volume of 
0 l a final concentration of: 
PES 	pH 7.6 	 28 mM 
K acetate 	 104 mM 
Mg acetate 	 2.2 mM 
Spermid.ine 	 0.2 mM 








DTT 	 2 m 
19 [12c] amino acids (-met) 	0.02 mM each 
115S met 	 5 iCi 
R.NA 	 1-60 
The time course of incorporation of L311met into TCA-
precipitable protein by the system programmed with various RNAs 
is shown in Figure 4.1. After an initial lag, incorporation is 
approximately linear for 60 minutes and thereafter the rate 
declines. The incubations were terminated at 90 minutes and in 
the following data, where radioactivity incorporated by the Wheat 
germ system is quoted, the 90 minute time point is used. 
Like the E. coli system, eucaryotic viral RNAs prove to be 
very good templates in the Wheat germ translation system. This 
is not the case when the system is programmed by bacteriophage 
RNA (see Fig. 4.1 a). 
On a per pg basis,RNA extracted from the leaves of Spinach 
and Wheat, Cucumber cotyledons and S2irodela polyrrhiza stimulates 
incorporation of radioactivity by the system to a lesser extent than 
that found for eucaryotic viral R1\IAs (see Fig. 4.1 b). 	The time 
courses of incorporation of radioactivity by the Wheat germ system, 
programmed by the poly (A) and poly (A) fractions of Cucumber 
cotyledon total RNA and Cucumber cotyledon chloropiast RNA are 
similar to that shown for total Cucumber cotyledon RNA. However, 
as will be discussed in Chapter 4, Section Vi, on a per pg basis 
poly (A) RNA serves as a very efficient template in the Wheat 
Figure L.1 Time Course of 35l methionine Incorporation into 
Protein by the Wheat Germ Translation System. 
The Wheat germ translation system was prepared and 
incubated as described in Materials and Methods (p. 71 ) with 
various RNAs. 
Viral RNA 
Minus RNA (u-a), Cowpeastrain TMV Li. pg (.-.), 
Wildtype TNV 5 I.ig (0-0), Total BMV 9.5 P9 (o-o), 
PP7 .6 ig 	 R17 8 p.g (A-A). 
Plant total RNA 
Minus RNA (u - a), Spinach leaf 20 g (0 -0), 
Cucumber cotyledon 19.5 pg (o-o), Spirodela polyrrhiza 
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germ system whereas poly (A) and chloroplast RNA do not. 
(iii) 	Analysis of the Translation Products of the Wheat Germ 
System Directed by Viral RNAs 
The labelled translation products obtained from the Wheat germ 
incubations directed by viral RNA, the time courses of which are 
shown in Figure 4.1, were fractionated by SDS—polyacrylamide- 
gel electrophoresis, visualised by autoradiography and are shown 
in Figure 4.2. 	In all cases with the Wheat germ translation 
system, the water control contained one radioactive band of 
approximately 10,000 Mr (not shown). 
Bacteriophage RNA does not appear to be an effective template 
in this system. 	However, some polypeptides appear to be 
programmed by PP7 and R17 RNA. The polypeptide programmed by 
PP7 does not appear to correspond to the molecular weight of any 
known viral proteins. However, the 14,000 Mr polypeptide that 
is programmed by R17 RNA corresponds in size to that of the viral 
coat protein. It has been reported that Q# RNA, which is closely 
related to R17,  is translated with f Ldelity in the Wheat embryo 
system (Davies and Kaesburg, 1 973). 
The lack of translation products in the Wheat germ system 
directed by the bacteriophage RNA would also indicate that the 
addition of heterologous RNA does not stimulate the translation 
of a large amount of endogenous RNA as has been reported with this 
system (Senger and Gross, 1 97 6 ). 
TMV RNA directs the synthesis of a number of polypeptides 
in the Wheat germ system as found by previous workers (Higgins 
et al., 1976; Bruening et al., 1976). Although there are a 
Figure 4.2 Analysis of Translation Products of the Wheat 
Germ Translation System Directed by Viral RNAs 
The Wheat germ translation system was prepared and incubated 
as described in Materials and Methods with viral ENAs and the 
total translation products fractionated on i% polyacrylamide-
gels containing SDS in parallel and analysed as described in 
Materials and Methods. Time courses of the incorporation 
shown in Figure 4.1a correspond to tracks (a), (b), (c), (e) 
and (g). Minus RNA control contained a smear of radioactivity 
of approximately 10,000 N. 
Track (a) R17 (b) PP7 (c) Cowpea strain TMV (d) Cowpea 
strain TMV 2.0 tg (7.6 x 10 cpm) (e) Wildtrpe 4V, 
(f) Wildtype TNV, 2.5 ig (7.0 x 10 cpm) (g) Total BMV 
(h) Total BMV 4.8 g (8.6 x 10 cpm). 
Arrow indicates the expected position of TNV coat protein 
in tracks (c), (d), (e) and (f). 
















large number of high molecular weight poly -peptides present, none 
appear to correspond to those of 140,000 and 160,000 Mr  seen by 
Hunter et al. (1976), in both their Wheat germ and Reticulocyte 
lysate system translation products. Previous authors have shown 
that, whereas TiV1V coat protein (17,00 Mr) is not a major product 
of cell-free translation of Wild type TMV RNA (Roberts et al., 
1973; Efron and Marcus, 1 973), it is a major product when the 
translation is carried out with RNA from the Cowpea strain of 
TMV (Wnitfeld and Higgins, 1977). Among the translation products 
shown here, coat protein does not appear to be a major product. 
However, a polypeptide of corresponding molecular weight is present 
among the products directed by Cowpea strain TI-71 RNA and to a 
lesser extent by Wild type TMV RNA (arrowed). 
Among the translation products directed by BMV RNA there 
are two polypeptides of approximately 20,000 and 3,000 Mr  which 
may correspond to the products of the same size reported by other 
workers to be synthesized in a Wheat embryo system directed by 
BMV RNA (Shih and Kaesburg, 1973). 	Indeed, BMV can be considered 
as a source of homologous RNA because this virus can infect 
wheat (Davies and Kaesburg, 1 974). 
These results would indicate that the Wheat germ system 
translates viral RNAs from eucaryotic and possibly procaryotic 
sources, although, in agreement with previous observations (Davies 
and Kaesburg, 1 9Th), the system in general only translates with 
fidelity small RNAs thought to contain the coat protein cistron. 
The presence of high molecular weight poly-peptides among the 
translation products might indicate that there is little or no 
RNAase activity in the extract. 
(Iv) Analysis of Translation Products of the Wheat Germ System 
Directed by Plant RNAs 
The labelled translation products of the Wheat germ system 
directed by total RNA from various plant sources, the time 
courses of which are presented in Figure 4.1b, were fractionated 
by SDS-polyacrylamide-gel electrophoresis, visualised by auto-
radiography and are shown in Figure 4.3. It is clear that the 
translation products of the Wheat germ system directed by Spinach 
leaf and Cucumber cotyledon total RNA are apparently qualitatively 
different from those that are seen when the E. coli system is 
programmed with the same RNA (Fig. 3.). This is also the case 
with polypeptides programmed with Wheat and Spirod.ela total RNA, 
the E. coli products of which are not shown. This is in agree-
ment with previous findings and would lend support to the 
proposition that the Wheat germ and E. coli systems selectively 
translate cytoplasmic and organellar RNAs respectively (Bottomley 
et al., 1976, 1977). 
As with the E. ccli system translation products directed 
by RNA extracted from tissue from different plants, the 
similarity in translation product profile, if not fortuitous, 
would suggest that the Wheat germ' system translates mRNAs common 
to each source of RNA. The profile of translation products is 
not affected by the addition of unlabelled methionine after 45 
minutes of incubation suggesting that no proteolysis or precursor 
processing takes place in the system. 
A number of workers have used immunoprecipitation to 
identify specific polypeptides among the translation products 
of the Wheat germ system programmed by plant PLNA. 
108. 
Figure 4k3 Analysis of the Translation Products of the Wheat 
Germ System Directed by Plant Total RAs 
The Wheat germ translation system was prepared and 
incubated as described in Materials and Methods with various 
plant RNAs. Total translation products were fractionated 
on i% polyacrylam.ide-gelscontaining SDS and visualised by 
autoradiography as described in Materials and Methods. The 
corresponding time courses of the incorporation are shown in 
Fig. 4.1 (b) for tracks (b), (d) and (f). 	Tracks (a)-(f) 
and (g)-(j) were fractionated on separate gels, correct 
matching of the two was achieved by co-electrophoresis on 
a separate gel of the total translation products of the Wheat 
germ system directed by total RNA extracted from Spirodela 
and Wheat. The minus RNA control contained a smear of radio-
activity of 10,000 M. 
Tracks (a) Cucumber cotyledon Day 5, 14 p.g (7.2 x 10 cpm), 
(b) Cucumber cotyledon Day 5, 19.5 g (c) Spinach, 10 g 
(5.86 x 10 cpm) (d) Spinach, 20 4g (e) Spirodela 7.2 4g, 
(3.54 x 10 cpm) (r) Spirodela, 14.4 ig (g) Wheat basal 
region 8.6 .tg (3.31 x 10 cpm) (h) Wheat basal region, 12.9 gg 
(4.23 x 10 cpm) (i) Wheat apical region, 8.6 ig (6.77 x 10 cprn) 
(j) Wheat apical region, 12.9 .tg (5.51 x 10 cpm). 
Fig4.3 
I 















These are the precursors to: 
SSu Ru.BPCase 






18,000-20,000 N (Dobberstein 
et al., 1977; Highfield and 
Ellis, 1978; Cash-more et al., 
1978; Tobin, 1978; Cnua and 
Schmidt, 1978). 
32,000 N (Apel and Kloppstech, 
1978a). 
33,000/3,000 N (Schmidt et al., 
1979). 
20,00 N (Huisman et al., 1978) 
55,500 Mr ) 
	
61,00N ) 	
(Reizman, Weir, Titus, 
9,000 M ) Leaver and Becker, 
7,000 Mr ) 	unpublished results) 
38,000 Mr ) 
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The 33,500  N precursor to the Spirodela 32,000 Mr  chloroplast 
membrane polypeptide is also thought to be translated in the 
system and has been identified by partial proteolytic digestion 
and by the lack of lysine in both the native protein and the 
precursor (Edelman et al., 1979). 	It has also been reported 
that the cytoplasmically synthesized 5 andsubunits of 
chloroplast ATPase are synthesized as precursors in a Wheat germ 
system programmed with Spinach poly (A) RNA (Price, Watanabe, and 
Zielinski, unpublished results). 
I was primarily interested in the translation of the mRNA 
extracted from cucumber cotyledons that codes for SSu RiiBPCase. 
110. 
It is now well documented that SSu mRNA is translated to produce 
a precursor in vitro. 	By irnmunoprecipitation I have identified 
this precursor. 	Direct immunoprecipitations were carried out 
using the ribosomal supernatants of the Wheat germ system 
directed by total Cucumber cotyledon RNA, prepared as described in 
Materials and Methods (p.83). 	The antisera used were raised 
against Spinach RuPCase and Cucumber SSu RuBPCase. With each 
antisera a 2,000 N polrpepti1e was immunoprecipitated (for 
example, see Fig. )4.4). 	This was of interest not least because 
it appears to be a precursor 5,000 daltons larger than those 
previously reported and almost twice the size of the SSu RuBPCase 
of Cucuniber,(14,000 M) 
Two possible artifacts of in vitro translation were considered 
that might result in the appearance of a 2,000 Mr polypeptide 
that could contain the RuBPCase antigenic determinants - firstly, 
incorrect translation of the SSu rnRNA by the Wheat germ system, 
or secondly, premature termination of translation of LSu mRNA. 
To test the first possibility, I attempted to identify PSSu amongst 
the translation products directed by other sources of RNA, e.g. 
Wheat and Spinach. Wheat and Spinach RNA have been reported to 
direct the synthesis in vitro of a PSSu polrpeptide of 20,000 N 
(Roy et al., 1976) and 18,000 Mr (hua and Schmidt, 1978) respect-
ively. 	Incorporations were carried out using total RNA extracted 
from two regions of the first leaf of Wheat, the basal and apical 
regions. 	In linear monocotyledonous leaves proplastids are found 
in the youngest cells at the basal region of the leaf. Successively 
larger and more developed plastids are present in cells towards 
the apical regions of the leaf (Leech, 1976). 	Thus it might be 
Figure 4.4 ImmunoprecipitationofPSSu RuBPCase from the 
Translation Products of the Wheat Germ System 
Directed by Total Cucumber Cotyledon RNA 
The Wheat germ system was prepared and incubated with 
Cucumber Day 5  light-grown cotyledon RNA and the translation.. 
products were iimnunoprecipitated directly using anti-Spinach 
RuBPCase sera, as described in Materials and Methods (p.  83). 
Immunoprecipitates were analysed on 20°/ (w/v) polyacrylamide-
gels containing SDS with subsequent fluorography. The 
fluorographs were scanned using a Kipp and Zonen Densitometer. 
Preinimune antisera precipitated products of only low molecular 
weight polypeptides over the same exposure period. 
(a) Complete translation products (b) Immunoprecipitate 
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expected that synthesis of chloroplast proteins will be taking 
place towards the apical region of the leaf. 	Comparing the 
translation products directed by the two RNA samples (Fig. 4.3 
g,h and i,j). We see an enhancement of the 20,000 Mr  polypeptide 
amongst the translation products directed by the RNA extracted 
from the apical region of the leaf. This polypeptide has also 
been immunoprecipitated using antisera raised against Wheat SSu. 
A polypeptide of approximately 20,000 Mr  has also been immunoprecipi-
tated using antisera raised against Spinach SSu from the translation 
products of the Wheat germ system directed by Spinach R1'TA. 	The 
20,000 Mr polypeptide does not generally appear to be a major trans-
lation product of the Wheat germ system programmed by Spinach 
RNA (see Fig. 4.3, tracks c and d). Why this should be the case 
has not been investigated, however, it may be due to the age 
of the tissue from which the RNA is extracted. The difference 
in the apparent molecular weight of the Spinach PSSu reported 
here, approximately 20,000 M and that of other workers - 18,000 N 
(Chua and Schmidt, 1978), may be due to differences in the gel 
electrophoretic technique (for example, compare the estimation 
of the molecular weight of Pea PSSu, 18,000 Mr  (Chua and Schmidt, 
1978) and 20,000 N (Highfield and. Ellis, 1978). 
By comparison of the report of the immunoprecipitation of 
a 20,000 N PSSu from Lemna RNA directed Wheat germ products 
(Tobin, 1978), I assume that the major polypeptide of the same 
molecular weight among the translation products directed by RNA 
extracted from Spirodela shorn here (Fig. 4.3, tracks e and f) 
is also PSSu. 
112. 
I have previously shown that translatable LSu mRNA is 
absent from poly (A) RNA, (Fig. 3.7). 	When poly (A) 
and poly (AT RNA is used to programme the Wheat germ translation 
system, the 25,000 N polypeptide is present among the trans-
lation products directed by both of the RNAs. This would argue 
against the possibility that the 25,000 N polypeptide is an 
artifact from the oremature termination of translation of LSu 
mRiJA. 
Thus it would appear that the Wheat germ system translates 
SSu mRNA in a similar manner to those reported by other workers 
and that the 2,000 N polypeptide is the PSSu coded for by 
Cucumber cotyledon RNA. However, I have not excluded the possibility 
that some specific factor of Cucumber cotyledon RNA causes the 
mis-translation of SSu niR.NA in vitro. 
Other polypeptides among the translation products have been 
tentatively identified by co-electrophoresis with marker proteins 
and other methods, the details of which are given in later 
sections. 	These are thece. and 18 subunits of chioroplast ATPase 
(59,000 and 62,000 N), LSu RuBPCase (54,000 N ),the precursor 
to chlorophyll a/b binding protein (32,000 14) and possibly the 
35, 000 Mr  precursor to the 34,000,M 
 chloroplast membrane protein 
synthesized in isolated Cucumber chioroplasts' (see Chapter 5, 
Section II). 
(v) Analysis of Translation Products of the Wheat Germ System 
Directed by Poly (A) and Poly (A) RNA 
The translation produces of 	
I the system directed by poly A) 
and poly (A) RNA fractions of total Cucumber cotyledon RNA are 
113. 
essentially similar, as has been found previously with Pea poly (A) 
and poly (A) RNA (Gray and Cashmore, 1976). However, small 
amounts of LSu RuBPCase appear to be present among the translation 
products directed by poly (A) and total RNA, but not poly (A) 
PLNA. 	Figure 4. shows a detail of the 40,000 to 60,000 N 
region of a SDS-polyacrylamide-gel containing the Wheat germ 
translation products directed by Cucumber total, poly (A), poly (A) 
and chioroplast RNA. A labelled polypeptide that co-migrates 
with LSu synthesized in the E. coil system directed by total RNA 
is present among the translation products of the Wheat germ system 
directed by total, poly (A) and chloroplast RNA, but not poly (A) 
RNA. 	If immunoprecipitation of the translation products of the 
Wheat germ system directed by total RNA is carried out using anti-
sera raised against RuBPCase and the autoradiograph of the 
immunoprecipitated polypeptides is overexposed a faint band of 
54,000 N is seen (not shown). 
Thus it would appear that the Wheat germ system translates 
Cucumber LSu mRNA, albeit with a low efficiency. As discussed in 
Chapter 1 (Section I d) it has been previously shown using 
RNAs extracted from lower plants LSu mRNA is efficiently trans-
lated in the Wheat germ system (Sagher et al., 1976; Howell, 
1978). 	The relative amounts of LSu among the translation products 
of the Wheat germ system compared with the E. cold system directed 
by the same RNA would indicate that the 80S ribosomes of the 
Wheat germ system translate cytoplasmic mRAs preferentially. 
However, this does not totally exclude the translation of 
organellar mRNAs. When chloroplast RNA is used to programme 
the Wheat germ system there is a small amount of incorporation 
Figure 4.5 Analysis of the Translation Products of the 
Wheat Germ System Directed by Poly(A) and 
,Poly(A Fractions of Cucumber Total PEA 
The Wheat germ and, for comparison, the E. coli trans-
lation systems were prepared and incubated as described in 
Materials and Methods with various fractions of Day 5 light—
grown Cucumber cotyledon PEA. The products of the translation 
systems were fractionated on polyacrylainide gels and visualised 
as described in Materials and Methods. The 40,000 —70,000 M 
region of the resulting autoradiograph is shown here. Tracks 
- (f) Wheat germ translation products, track (i) E. ccli 
translation products. Arrow indicates the expected position 
of LSu RuBPCase. 
Track (a) Cucumber total cotyledon PEA, 28.8 g;(6.17 x iO cpm), 
Cucumber cotyledon poly(A) PEA, 29. g 	x 10 cpm), 
Cucumber cotyledon poly(A) PEA, 0. ig (4.8 x 10 cpm), 
Cucumber chioroplast PEA, 28.0 tg (1.70 x 10 cpm), 
as slot (a), (f) minus PEA (g) - (h) molecular weight markers 
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(see the following section), with the only apparent products being 
faint labelled bands of 54,000, 3,000 and 33,000 H. 
(vi) The Effect of RNA Concentration on [3 J met Incorporation 
by the Wheat Germ System 
Incubating the Wheat germ system with increasing amounts of 
RNA generally leads to an increase in the overall incorporation 
ofSmet into protein (Fig. 4.6). After a peak with increasing 
concentrations of RNA the overall incorporation of 	Smet declines. 
Analysis of the translation products showed that over the range 
of RNA concentrations used there was apparently no preferential 
translation of a sDecific mRNA. 
It is apparent that poly (A) +  RNA is a very efficient template 
in the Wheat germ system. 	Over the range of RNA concentrations 
used there was no apparent saturation of the system. 	Poly (A) 
RNA is not as an efficient template as total RNA in the Wheat germ 
system. 	Chioroplast RNA,as indicated in the previous section, 
does not stimulate a eat amount of incorporation of 17et into 
protein by the Wheat germ system at the RNA concentrations used. 
This is in agreement with previous observations (Bottomley et al., 
197). 
Figure 4.6 Effect of Increasing RNA Concentrations on 
Methionine Incorporation into Protein by the 
Wheat Germ System 
The Wheat germ system was prepared and incubated as 
described in Materials and Methods with increasing amounts 
of different fractions of Day 5 Cucumber cotyledon RNA. 
Cucumber cotyledon poly(A) RNA (i-ó), Cucumber total 
cotyledon RNA (u—u),  Cucumber cotyledon poly(A) RNA 
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Chapter . 	Characterisation of Protein Synthesis in chloroplasts 
Isolated from Cucumber Cotyledons 
Introduction 
As we have seen in the preceding sections, two heterologous 
cell-free translation systems directed by the same RNA yield 
polypeptide produots that are qualitatively different. 	Thus, in 
order to gain a more accurate picture of protein synthesis within 
the chioroplast, I sought to optimise an in vitro translation 
system using isolated Cucumber cotyledon chioroplasts. 
Optimisation of the Isolated Chioroplast System 
For optimising the system chioroplasts were extracted from 
Day 5 or Day 6 light-grown cotyledons and incubated in vitro, as 
described in Materials and Methods (pp.73,74). Incubations were 
carried out at 20°C in a final volume of 300 p.1 containing 100- 
30 p. g of chioroplast protein suspended in the following medium: 
Tricine-KOH pH 8.3 	66 mM 
KC1 	 200 mM 
MgCl 2 	 6.6 mM 
3 s met. 	 10 uCi 
The system used was essentially that of Siddell and Ellis (197). 
However, to optimise the incorporation of 	 the effects 
of varying the Mg 
2+  ion concentration and the addition of increasing 
levels of ATP were investigated. 	Chioroplasts were prepared as 
described in Materials and Methods and were resuspended in the above 
media lacking MgC1 2 . Magnesium ion concentration was adjusted 
by the addition of the appropriate amount of 100 mM MgC1 2 with 
ATP concentration maintained at 2 mM. ATP concentration was 
116. 
• 	 2+ adjusted by the addition of 2L0 mM ATP with the Mg ion concentration 
maintained at 6 mM. 	Incubations were carried out as described in 
Materials and Methods (p. 74). Under the conditions used the 
2+ 	 • Mg ion concentration did not appear to be critical to produce 
maximal incorporation, indeed Mg 
2+  ions are not required in the 
resuspension buffer for incorporation to take place (see Fig. 5.1 a). 
The results obtained by varying the ATP concentration show that 
maximal incorporation took place at 2 mM ATP(see Fig. 5.1 b). 
This latter result is similar to that found by Siddell and Ellis 
(1975) who used plastids isolated from greening Pea tissue. 	However, 
in contrast to the findings of these authors, incorporation was 
not dependent on the addition of ATP. Under the conditions of 
the incubation the provision of an Energy generating system (4 mM 
ATP, 1 mM GTP, 10 mM PEP and 0.48 units of Pyruvate Kinase) 
appeared to inhibit incorporation by the isolated chioroplasts. 
The time course of incorporation of [35S]met into protein is 
shown in Figure 5.1 c. 	In agreement with other workers (Blair 
and Ellis, 1973), we see that after approximately 20 minutes the 
rate of light-driven incorporation declines. 	In the following 
data, where radioactivity incorporated by isolated plastids 
is quoted, the 60 minute time point is used. 
Some of the characteristics of protein synthesis in isolated 
chloroplasts are outlined in Table 1. 	Protein synthesis in the 
isolated chloroplast takes place in the light, and as an energy 
source light can be supplemented or replaced by ATP. 	The 
ability of ATP to replace light energy has been observed by 
Bottomley et al. (197)4 with isolated Spinach chloroplasts. 	These 
authors suggested that this may be due to the incorporation of 
Figure 5 	Characteristics of [S] Methionine Incorporation 
by Chioroplasts Isolated from Day 6 Cucumber 
Cotyledons 
Chloroplasts were isolated and incubated with [3]met 
as described in Materials and Methods (p.73). 
The effect of Mg 
2+  ion concentration (ATP maintained at 2 inN) 
The effect of ATP concentration (Mg 
2+  maintained at 10 inN) 
Time course of [3] met  incorporation. 
Light dirven, 500 i g protein per incubation  
Light driven, 250 ig protein per incubation A- A)
Light driven + 2 mM AT?, 250 g protein per 
incubation (.-.) 
Dark + 2 mM AT?, 250 .ig protein per incubation (o - o) 
Dark, 250  ig protein per incubation (i - v) 
Dark + 20 mM NaAc, 250 .ig protein per incubation  
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Table 1. The Effect of the Energy Source and Inhibitors 
on the Incorporation of P5Smet into Protein 
by Isolated Day 6 Cucumber Cotyledon Chioroplasts 
Chloroplasts were isolated from Cucumber cotyledons from 
Day 6 of light-grown seedling development and incubated as 
described in Materials and Methods. 	Incorporation of 
[3 ]met into protein was assayed as described in 
Materials and Methods. In each case where ATP was 
used the final concentration was 2 mM. Incorporation 
by the light-driven system is called 10/ 
Table i 
Energy Source 	 Treatment 	 Incorporation (%) 
Light Complete 100 
None Complete 8 
Light + ATP Complete 12 
ATP Complete 100 
Light + D-threo-chlorarnphenicol 27 
(O 	ig/ml) 
None + D-threo-chloramphenicol 6 
(o P9/ml) 
Light + Cycloheximide (12. 	.ig/ml) 106 
None + Cycloheximide ( 12 .5 kg/ml) 6 
Light + Ribonuclease (33 ig/ml) 80 
Light + CCCP (5 pivI) 50 
Light + AT? + CCC? (5 pi4) 70 
None + Na acetate (20 nih) 7 
4. 
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radioactivity by lysed chioroplasts. 	This suggestion can be 
ruled out by the observation that the incororation by the isolated 
chioroplasts is largely insensitive to ribonuclease. 	It has 
been suggested that sensitivity to ribonuclease is directly 
related to chioroplast intactness (Blair and Ellis, 1 973; Ellis 
et al., 1973). 	Incorporation by isolated chioroplasts is inhibited 
by D-threo-chloramphenicol but not cycloheximide. Thus it 
appears that, in common with previous findings (for example, Blair 
and Ellis, 1 973; Siddell and Ellis, 197), protein synthesis in 
this system takes place in intact chioroplasts. 
Carbonyl cyanide m-chlorophenyl-hydrazone (cccP), a commonly 
used inhibitor of photophosphorylation, only inhibited incorporation 
by 0P/0 (Table i). 	This is in contrast to the findings of Blair 
and Ellis (1973) who, using isolated Pea chloroplasts, found complete 
inhibition. 	Siddell and Ellis (197) using etioplasts isolated 
from etiolated Pea tissue, with ATP as an energy source, found that 
inhibition was only 2 2%. The intermediate effect of CCCP with 
chloroplasts isolated from Day 6 Cucumber cotyledons may be a 
reflection of the intermediate age of the plastid used. 	Etioplasts 
unable to use light energy would presumably be unaffected by an 
inhibitor of photophosphorylation, whereas mature chloroplasts 
able to use light as an energy source (which can only be partially 
replaced by ATP) would be inhibited by CCCP. 
The amount of incorporation in the dark with the addition of 
Na acetate allowed me to assess the amount of bacterial contamination 
in the chloroplast prepar.tion and indicates that it was very low. 
The translation products of the isolated chioroplasts were 
fractionated by SDS-polyacrylamide-gel electrophoresis and 
118. 
visualised by autoradiogTaphy or fluorograDhy. The translation 
products from each of the above treatments, if they were resolvable, 
were essentially similar. 
(III) Translation Products of the Isolated chloroplast System 
The translation products of the isolated chioroplasts were 
fractionated by SDS-polyacrylamide-gel electrophoresis and 
visualised by autoradiography or fluorography (see Fig. 5.2, 
tracks c and d). 
It is clear that a number of labelled polypeptides correspond 
to stained chioroplast proteins. The translation products have 
been fractionated by the method of Douce et al. (1973), as described 
in Materials and Methods (p.  78) into those which are membrane-. 
bound or soluble. The majority of the polypeptides were membrane 
bound and those that were soluble are arrowed between tracks b and 
o in Figure 5.2. These include 3 polypeptides between 70,000 and 
80,000 N which appear on the stained gel and are labelled to a low 
level and are only seen when autoradiographs are over-exposed. 
Those polypeptides that are membrane-bound are associated with the 
fraction containing grana and stroma lamellae. No polypeptides, 
other than contaminating LSu RuBPCase, appear to be specifically 
associated with the chioroplast envelopes. 
Those polypept.ides previously found to be synthesized in 
isolated chioroplasts and positively identified by other workers 
are: 	LSu RuBPCase of Pea, 55, 000  Mr (Blair and Ellis, 1973), 
the, 	and E subunits of Spinach and Pea chioroplast ATPase, 
59,000, 56,000 and 13,000 Mr (Mendiola-Morgenthaler et ai. 1976; 
Ellis, 1977), the protein synthesis elongation factors G and T u of 
Figure 5.2 Analysis of the Translation Products of Isolated 
Chloroplasts and Comparison with the Translation 
Products of the Wheat Germ and E. coli Systems 
Chioroplasts were isolated from Day 6 Cucumber cotyledons 
and incubated with [35S]met as described in Materials and 
Methods. Wheat Germ and E. coli systems were progiammed with 
28.8 g of RNA extracted from Day 6 light-grown cotyledons. 
Translation products were fractionated on polyacrylamide gels 
and visualised as described in Materials and Methods. 
Track (a) and (b) stained gel of proteins of isolated 
chioroplasts (approx. 250 J.g protein per track), (c) and (d) 
autoradiograph of tracks (a) and (b) (1-5 x 10 cpm per track), 
(e) Wheat germ translation products (2.5 x 10 cpm), (f) 
E. coli translation products (2.5 x 10 cpm). 
Arrows between tracks (b) and (c) indicate polypeptides which are 
synthesized in vitro and are soluble; broken arrows between 
tracks (d) and (e) indicate polypeptides synthesized in vitro which 
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Spinach, 77,000 and 45,000 Mr  (Tiboni et al., 1978), Spinach 
cytochrome f, 32,000 Mr  (Doherty and Gray, 1979) and a membrane-
bound polypeptide of unknown function of Pea, 32,000 N 
(Eagleshain and Ellis, 1974), which is made as a precursor of 
slightly higher molecular weight, which is completely processed 
by the chioroplast in vitro (Ellis and Barraclough, 1978). 
Grebanier et al. (1978) have also shown that a major product of 
protein synthesis in isolated Maize chioroplasts is a polypeptide 
of 34,500  N which is an unprocessed precursor of the 32,000 Mr 
Maize chioroplast membrane poly'peptide. Preliminary reports also 
suggest that cytochrome b 9 (Zieblinski et al., 1977) 
dicyclohexycarbidiimide (DCCD) binding protein (Doherty and Gray, 
unpublished results) and the apoprotein of chlorophyll protein 
complex I (Zieblinski and Price, unpublished results) are also 
synthesized in isolated chloroplasts. 
By comparison with purified marker proteins on SDS-poly-
acrylamide-gel electrophoresis it has been possible to tentatively 
identify the proteins synthesized by isolated Cucumber cotyledon 
chioroplasts. These are the LSu RuBPCase, the and j8 subunits 
of ATPase, and possibly the elongation factors G and T   of protein 
synthesis (see Fig. 5.2, broken arrows). 	The polypeptide of 
approximately 34,000 Mr  reported to be a major product of 
chioroplasts isolated from Pea and Maize (Ellis and Barraclough, 
1978; Grebanier et al., 1978) is not a major product synthesized 
by isolated Cucumber cotyledon chioroplasts. 	I will show later 
that this is not due to the stage of development of the tissue 
from which the chioroplasts were extracted, nor is it due to the 
incubation conditions because, with Pea and Spinach chioroplasts 
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incubated under the same conditions, the 34,000 Mr  poleptide 
is a major translation product. 
Comparing the isolated chioroplast translation products with 
those of the Wheat germ and E. coli systems directed by RNA 
extracted from tissue of the same age, a number of labelled 
polypeptides from the in vitro systems co-migrate on SDS-oly-
acrylamide-gel electrophoresis 	Only one poly-peptide synthesized 
by all the in vitro systems can be identified with any confidence, 
namely LSu RuBPCase. Co-migration of other polypeptides may be 
fortuitous and thus only tentative comparisons of the in vitro 
translation products can be made. 	The products of the isolated 
chloroplast system co-migrating with the products of the Wheat germ 
system include, amongst some other minor pclypeptides, the C4 and 
subunits of ATPase and a polypeptide of approximately 35,000 N. 
It has been shown b y other workers that a 33,500 N polypeptide 
precursor to the 32,000 Mr  chioroplast membrane protein of 
Spirodela is synthesized in the Wheat germ system (Reisfeld et al., 
1978). A preliminary investigation as to whether any polypeptides 
synthesized in the isolated chlorcpiasts were synthesized as 
precursors and processed by the chioroplasts in vitro was carried 
out. 	Isolated chioroplasts were incubated in the light as normal. 
After 20 minutes, excess unlabelled methionine was added as a 
'chase' and the incubation allowed to continue for a further LLO 
minutes. The translation products were analysed by SDS-polyacrylamide-
gel electrophoresis in parallel with polypeptides synthesized in 
isolated chioroplasts incubated in the light and the dark, with 
and without ATP, for60rninutes (see Fig. 5.3). 	The translation 
products of isolate chloroplats incubated in the light are similar 
Figure 5.3 Analysis of the Translation Products of Chioroplasts 
Isolated from Cucumber Cotyledons 
Chioroplasts were isolated from Day 6 Cucumber cotyledons 
and incubated with [35S]met as described in Materials and Methods 
In a 'Pulse-chase' experiment chloroplasts were incubated in the 
light with ATP and [35S bet for 20 minutes and then excess 
unlabelled methionine was added and the incubation continued for 
a further 40 minutes. Translation products were fractionated 
on SDS-polyacryla.mide-gels and visualised as.. described in 
Materials and Methods. 
Track (a) chloroplasts incubated in light, (b) chioroplasts 
incubated in dark, (c) chloroplasts incubated in light + 2 mM 
ATP, (d) chloroplasts incubated in dark + 2 mM ATP, (e) 'Pulse-













whether they were incubated in the presence cr absence of AP, 
or with a 40 minute 'chase' (see Fig. .3, tracks a, c and e). 
Close comparison of orese with the tra slation products of isolated 
chi:roplas:s incubated in the dark with ATP shows that, in the 
latter case, a 3,OOC N pcleptide appears more prominent 
(see .3, track d). 	Amongst the translation products of 
isolated c'nloroplasts incubated in the light, the relative amount 
of the 3,000 M poleptide appears reduced and there is an 
apparent increase in amount of a polypeptide of approximately 
34,000 Mr  (see Pig. 5 .3 arrowed). 
Although this has not been studied in detail it is tempting 
to speculate that the 34,000 Mr  is analogous to the 32,000 M 
pole;tide synthesized as a precursor in isolated Pea chlorcplasts 
(Ellis and Earraclou€h, 1978). 	In this case the 3,000 M r 
peptide is synthesized as a precurscr of 3,00C Nr• 	In the light, 
isolated chlorcplasts can process the precursor, whereas in the 
dark, the processing activity is reduced. 
Recently it has been shown that in intact Spirodela a 
33,00 N precursor of the 32,000 Mr  chioroplast membrane polypeptide 
is processed rapidly in the light. 	However, in th dark this 
activity decays with time (Edelman et al., 1979). 
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Chapter c. 	The Cucurber Dcv 	mental Syem 
(I) 	Intrcduc:ion 
The cotyledons of germinating Cucumber seedlings, used success-
fully for the investiation of lipid rnetabcl±sm during germination 
(Trelease et aJ., 1973; Becker et a.., 1978), prcvide a useful 
system tc study chicropiast development. Grown under controlled 
conditions the cellular and morphological events surrounding the 
development of photosynthetic competence are temporally reproducible. 
This section will describe this developmental system in detail with 
special reference to the synthesis of chioroplast proteins and 
those parameters that are indicative of the acquisition of photo-
synthetic competence. 
(n) 	Iortholor 
Cucumber seedlings grown under controlled conditions of a 12 
hour photoperiod or in constant dark are shown in Figure 6.1. 
In bcth cases development is similar until Day 3. During this 
initial period the energy for seedling development is prc-iided 
by the metabolism of stored lipid wiftin the cotyledons, which 
is accompanied by an increase in glyoxysomal enzyme activities 
(Trelease et al., 1971; Becker et al., 1978), 	At Day i the 
cotyledons emerge abc-ic iThe soil. 	In the light-grown seedlings 
there is a marked increase in cotyledon size and an accumulation 
of photosynthetic pigren -t. 	This does not occur in dark-grown 
seedlings where the only obvious morphological change is a dramatic 
elongation of the hypocctyl. 	In tie light-grown seedling the 
fresh weight of the cct'ledn increases 10-fold between Day 0 and 
Day 8, whereas in the dark-grown tissue the increase is only 2-fold 
Figure 6.1 Growth and Development of Light- and Dark-grown 
Cucumber Seedlings 
Seedlings were grown as described in Materials and 
Methods (p. 50). 
Dark-grown seedlings. 
Light-grown seedlinrs. 
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(Becker et al., 1978). 	During the first 8 days of development the 
cell number of the cotyledons remains constant at approximately 
6.78 ± 0.08 x 10 in the light and in the dark 6.84 ± 0.15 x 10 
cells per cotyledon (Becker et al., 1978). 	Thus all data 
presented here on a per cotyledon basis can in effect be extra-
polated to a per cell basis. 
(III) 	Cotyledonary Protein 
The protein content of the cotyledonary-homogenates and super-
natants prepared as described in Materials and Methods (p. si), 
presented as a function of time of germination and early development 
are shown in Figure 6.2. 	It is apparent that the amount of 
homogenate protein declines after Day 3 in both light- and dark- 
grown cotyledons. 	It is thought that this decline is associated 
with the mobilisation of protein bodies (Becker et al., 1978). 
Accompanying this decline is an increase in the supernatant 
proteins in light-grown and to a lesser extent in dark-grown 
cotyledons. 	There is also an apparent increase in the homogenate 
proteins in light-grown cotyledons after Day 5. 
Coomassie Blue stained SDS-polyacrylamide-gel profiles of the 
homogenate and soluble proteins are shown in Figire 6.3. 	To 
facilitate direct comparison of polypeptide band intensities the 
actual amount of protein applied to each gel slot corresponded 
to 1.01% ( homogenate) and 2% (supernatant) of the protein content 
of a single cotyledon at a given stage. The most prominent feature 
of the homogenate polypeptide profiles is the progressive disappearance 
of a cluster of polypeptides of molecular weights between 20,000 and 
30,000 which are prcbably storage proteins. 	At Day 3 there appears 
Figure 6.2 Developmental Changes in Protein Content of 
Cucumber Cotyledons 
The protein content of light- and dark-grown Cucumber 
cotyledons homogenate and supernatant fractions was estimated 
as described in Materials and Methods (p.5 1 ). 	The data 
is plotted on a per cotyledon basis. 
Homogenate (light-grown) ( o - a), Homogenate (dark-grown) 
(.-s), Supernatant (light-grown) (-t), Supernatant 




































1 	23 	45 	67 	8 
DAY 
Figure 6.3 SDS-Polyacrylamide-Gel s of Homogenate and 
Supernatant Protein from Cotyledons of 
Light- and Dark-Grown Cucumber Cotyledons 
Proteins were prepared, loaded on a per cotyledon 
basis (described in text), fractionated on 15% poly-
acrylamide-gels containing SDS and stained with Coomassie 
Blue as described in Materials and. Methods. 
Proteins extracted from light-grown tissue. 
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a series of lower molecular weight polypeptides which possibly 
represent the partial sciublisation of the storage polypepti.des. 
This apsarent solubilisation occurs at the same time in the 
light- and dark-grown tiue, however, the lower molecular 
weight poly-peptides apper to persist longer in the dark-grown 
tissue. 
It is apparent that some polypeptides appear in the toly-
acrylamide-gel profile at Day 3 and subsequently increase in 
staining intensity. Two of the most prominent of these are 
polypeptides of 54,CC0 and 140CC M (arrowed). 	These 2 polypeptides 
cc-icigrate with the subunits of purified RuPCase. 	Several 
polypeptides appear to be light dependent in their appearance 
at Day L, the most prcminent of these being a membrane-bound 
polypeptide of 29,000 M , , supernatant polypeptides of 31 ,00C and 
39 1 0CC N, and less clear in t' - is photograph menbrane-bound poly-
peptlies of 62,000 and 59,000 M (arrowed). 
Tentative identification of some of these pclypeptides, the 
synthesis of which is light dependent, can be provided by co-
migration with marker proteins on EDS-polyacrylamide-gel electro-
phoresis. 	For example, Figrre 6.4 shows the stained SDS- 
polyacrylamide-gel profiles of the proteins of Day 5 Cucumber cc'ty-
ledon etioplasts (the major pclypeptide at 68,000 N is ESA present 
in the extraction media), Day 5 Cucumber cotyledon chloroplasts, 
light-grown Day 5 Cucumber cotyledon homogenate proteins, partially 
purified Cucumber chloroplast ATPase and Spinach Chl.rplast ATPase. 
The polypeptides of 59,000 and 62,000 N 	-igr 	ih the 
and,S subunits of partially purified ATPase. 	The meoraLe-hour!a 
;9':oo x polypeptide cc-migrates with a chlcroplast membrane-hound. 
Figure 6.4 SDS-Polyacrylanide-Gels of Plastid Proteins 
Various Cucumber cotyledon plastid proteins were 
prepared, loaded onto 15% polyacrylamide-gels containing 
SDS, electrophoresed and stained with Coomassie Blue, as 
described in Materials and Methods. 
Tracks (A), (E) and (H) Marker proteins, 
(B) Day 5 etioplast proteins (approx. 150 pg), 
(c) Day 5 chioroplast proteins (approx. 250 }g), 
(D) Light-grown Day 5 cotyledon homogenate proteins 
(approx. 70 pg), (F) partially purified Cucumber 
cotyledon chioroplast ATPase (approx. 20 ig), 
(G) purified Spinach chloroplast ATPase (approx. 20 p.g). 
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polypeptide which has been found to be associated with chlorophyll. 
on non-denaturing-gel electrophoresis by the method of Markwell 
et al. (1979) and is thought to be the chlorophyll a/b binding 
protein (J. Schouten, personal communication). 
Comparing the stained protein gel profile of plastids isolated 
from dark- and light-grown tissue of the same age, it is apparent 
that some polypetides are dependent upon light for their synthesis. 
These include' thep subunit of ATPase (the subunit is obscured 
by the BSA in the extraction buffer), and the chlorophyll a/b binding 
protein. However, this observation is based purely on the 
appearance of stained polypeptides in the polyacrylanilde gel. 
The appearance of chlorophyll a/b binding protein has been shown 
to be light dependent (for example, see Apel and Kloppstech, 1978a). 
However, although the synthesis of the AIPase is stimulated by light 
(Horak and Hill, 1972) it has been found that ATPase is present in 
etioplasts(Lockshin et al.,1971; Horak and Hill, 1972; Brner 
et al., 1979). 	Thus the results presented here are consistent with 
the findings of others and suggests that the synthesis of some 
chloroplast proteins-are light dependent whereas others are not. 
It is clear from Figure 6.3 that although light is not 
required for the initial synthesis and accumulation of the subunits 
of RuBPCase it does influence the final levels of the subunits 
present in the light- and dark-grown tissue. 
To estimate the relative amounts of the subunits of RuBPCase 
synthesized in light- and dark-grown cotyledons, homogenate proteins 
extracted from cotyledons of each day of development were fractionated 
126. 
on i% polyacrylamide-gels containing SDS. As previously described 
a fixed proportion of the total protein per cotyledon was loaded 
onto each slot of the gel. 	After electrophoresis gels were stained 
with Coomassie Blue as described in Materials and Methods and LSu 
and SSu identified by their co-migration with purified RuPCase 
subunits. 	The stained polypeptides were scanned using a 
Densitometer as described in Materials and Methods (p. 59 ), and 
the relative amounts of each subunit were estimated by measuring 
the areas under the peaks of the Densitometric scans (see Pig. 6. 
a-b). 	The rate of accumulation of the two subunits of RuBPCase 
appear to be essentially similar, and higher levels of both subunits 
are present in light-grown tissue. 	This data depends on the 
obs.ervation that the Coomassie Blue staining is directly related 
to the amount of protein in the gel (Bennett and Scott, 1971). 
Levels of native RuBPCase can be assessed by electrophoresis 
of total homogenate protein on % non-denaturing polyacrylamide-
gels, staining the gels with Naphthalene Black 12B and scanning 
the stained gels with a Densitometer as described in Materials 
and Methods (p. 57). 	The accumulation of native RuBPCase 
protein in the Cucumber cotyledons during seedling development is 
similar to the accumulation of the individual subunits (see 
Fig. 6. c). 	RuBPCase protein is first detectable in the light- 
and dark-grown cotyledons between Days 2 and 3 and increases in 
amount until Day Li.. 	Thereafter the accumulation of RuBPCase 
protein continues in the light-grown tissue at the same rate but 
the rate declines in the dark-grown tissue. 
In contrast to these findings the synthesis of chlorophyll, a 
marker of photosynthetic competence, is totally light dependent 
Figure 6.5 Developmental Changes in B.uPCase Protein and 
Chlorophyll in Cotyledons of Light- and Dark-
Grown Cucumber Seedlings 
Measurements were carried out using Cucumber cotyledon 
homogenates and supernatants, as described in Materials and 
Methods. 
Developmental changes in LSu. 
Homogenate proteins were fractionated on i% polyacrylamid.e-
gels containing SDS, stained with Coomassie Blue and amounts 
of LSu estimated by Densitometric scanning, as described in 
Materials and Methods. Light-grown cotyledons (E3 -c), Dark-
grown cotyledons (.-.). 
Developmental changes in SSu. 
Estimated as described in (a). 	Light-grown cotyledons (a-a), 
Dark-grown cotyledons (.-.). 
-Developmental changes in complete RuBPCase. 
/. 
Homogenate proteins were fractionated on non-denaturing % poly- 
acrylamide-gels, stained with Naphthalene Black and the amount 
of RuBPCase estimated by Densitometric scanning as described in 
Materials and Methods.Light-grown cotyledons (a-a), Dark-
grown cotyledons  
Developmental changes in chlorophyll. 
Estimations were carried out using cotyledon supernatants as 
described in Materials and NethodsLight-grown cotyledons (13- 0), 
Dark-grown cotyledons (u-u). 
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(Pig. 6. d). 	Comparing Figi.ire 6.5 c and d it is apparent that 
the initiation of synthesis of RuBPCase protein precedes that of 
chlorophyll by approximately one day. 
To determine when specific polypcpti.des are being synthesized 
in the cotyledons of the developing seedlings in iivo labelling 
experiments were carried out and these have been described 
in detail in Materials and Methods Q. 84 ). This involved labelling 
excised cotyledons with 	met at various stages of development 
for the 24 hour period before the cotyledons were homogenized. 
Homogenate proteins and proteins of the 10,000 x g supernatants were 
fractionated on i% polyacrylamide-gels containing SDS and the 
labelled polypeptides were visualised by fluorograrhy (see Fig. 6.6). 
No precise quantitative measurement, however, could be carried 
out due to possible changes in the endogenous amino acid pool, 
which was not measured. Comparing the fluorographs with the 
stained polypeptide profiles (Fig. 6.0 we can see many differences. 
This may be due to the increased sensitivity of the fluorographs, 
the possibility that some of the labelled polypeptides are precursors 
or that some of the polypeptides are rapidly turned over in the 
cotyledons. 	It is clear that those polypeptides thought to be 
storage proteins (molecular weights 20,000 - 30,000) are absent 
from the in vivo labelled protein profiles. 	Conclusions concerning 
the time of initiation of synthesis of certain polypeptides can only 
be assessed accurately by immunoprecipitation. Visual analysis 
can at best, be only subjective, but considering the previous 
evidence the data here supports the finding that the synthesis of 
LSu and SSu RuPCase (arrowed) is initiated between Day 2 and Day 3, 
both in the light and in the dark, whereas the appearance of chlorophyll 
Figure 6.6 In vivo Labelling of Cucumber Cotyledons During 
Seedling Development 
Cotyledons were excised from seedlings of differing stages 
of development and labelled with [3S]met,  as described in 
Materials and Methods. After a 24 hour labelling period the 
cotyledons were homogenised and the homogenate and supernatant 
fractions were fractionated .on i% polyacrylamide-gels 
containing SDS. Labelled polypeptides were visualised by 
fluorography as described in Materials and Methods. In each 
case equal amounts of radioactivity were loaded to each slot 
of the gel. 
(a) Light-grown tissue. 	(b) Dark-grown tissue. 
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a/b binding protein on Day L. (arrowed) is light dependent. 
(Iv) Cotyledonary RNA 
Measuring the accumulation of RNA in the cotyledons during 
seedling development in the light and the dark should provide us 
with an indication of the development of a capcity for protein 
synthesis within the cotyledons. 
Total RNA was extracted from light- and dark-grown cotyledons 
by the phenol/ detergent method and equal amounts of nucleic acid 
from each stage of development were fractionated on polyacrylamide 
gels and scanned as described in Materials and Methods (p. 63). 
Representative gel profiles are shown in Figure 6.7. 	The scans 
that were obtained with RNA extracted from dark-grown cotyledons 
are essentially the same (not shown). 	Chloroplast ribosomal 
RNAs are not detectable before Day 3 and thereafter increase in 
amounts. 
To construct the graph shown in Figure 6.8 b, showing the 
accumulation of ribosomal RNA over the differing days of seedling 
development the area under each ribosomal peak shown in Figure 
6.7 was expressed as a fraction of the total area under the scan 
curve, and then that fraction was multiplied by the total RNA 
content (shown in Fig. 6.8 a), obtained as described in Materials 
and Methods (p.  60). 
During cotyledon development there is a striking increase 
in total RNA. This increase takes place in both the light-and 
the dark-grown tissue until Day 3. The rate of increase thereafter 
is maintained in the light-grown issue until Day L but the rate 
declines in the dark-grcwn tissue. 	The decline in the levels of 
Figure 6.7 Developmental Changes in Polyacrylamide Gel 
Profiles of Nucleic Acids Extracted from the 
Cotyledons of Light-Grown Cucumber Seedlings 
Nucleic acids were extracted from light-grown cotyledons 
by the phenol/detergent method, 25 pg of nucleic acids 
from each day of development were fractionated on 2.L% (w/v) 
polyacrylamide gels and these were scanned at 265 nm as 
described in Materials and Methods. 
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Figure 6.8 Developmental Changes in Ribonucleic Acid Content 
of Cotyledons of Light- and Dark-Grown Cucumber 
Seedlings 
Total Ribonucleic Acid. 
Homogenate samples were assayed for EMA as"described 
in Materials and Methods. Light-grown tissue  
Dark-grown tissue (A - A 
Ribosomal RNAs. 
The area under each ribosomal RNA peak obtained as 
described for Fig. 6.7 was expressed as a fraction of the 
total area of the scan curve and that fraction was 
multiplied by the total RNA content as shown in (a). 
Cytoplasmic ribosomal RNA (light-grown)  
cytoplasmic ribosomal RNA (dark-grown) (,&- A), 
chioroplast ribosomal RNA (light-grown) (o-o), 
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of RNA in the lit-grown cotyledons after Day L remains unexplained. 
Chioroplast ribosomal RNA is undetectable until Day 3 and 
accumulates to account for 2% (light-grown) and 2C% (dark-grown) 
of the cellular RNA at Day 7. The maximum rate of accumulation 
of chioroplast ribosomal RNA occurs between Days 3 and 5 in both 
the light and dark, about 24 hours after the most rapid increase 
in cytoplasmic ribosomal RNA 
130. 
Chapter 7. 	In Vitro Translation of Cucumber Cotyledon RNA from 
Different Stages of Seedling Development 
(I) Developmental Changes in LSu RuBPCase mRNA as Assayed in 
the E. coil Translation System 
As we have seen in Chapter 3, a major translation product of the 
E. coil system, when programmed with Cucumber cotyledon RNA is', LSu 
RuBPCase. 	Thus the optimised E. coli translation system, prograned 
with RNA extracted from cotyledons of different stages of light- and 
dark-grown seedling development was used to assay the levels of 
translatable mRNA for LSu Ru.BPCase present in the tissue. 	As the 
translation products synthesized under the direction of cotyledon 
total and cotyledon chloroplast RNA were essentially similar, It was 
decided to use total RNA extracted from the cotyledons of different 
developmental stages to assay the amounts of translatable rnfli'TA for 
LSu RuBPCase. In this way I overcame the problem of quantitative 
extraction of plastids from light- and dark-grown tissue. 
Quantitation of the levels of a specific translatable m.RNA 
using an in vitro translation system - depends on the quantitative 
estimation of the translation product progran.med by that rnRNA. 
Thus quantitation of mRNA will be affected by inefficient initiation 
or premature termination of translation of that mRNA in the cell-free 
system, reducing the levels of complete polypeptide coded for by the 
m-RNA in vitro. Experiments carried out using increasing amounts 
of total cotyledon RNA to programme the E. coli system show that 
the translation of LSu mR1A by E. coli ribosomes appears to be the 
most efficient (discussed in Chapter 3, Section Ix). 	The possibility 
of premature termination of translation of LSu mENA by the E. coli 
system cannot be totally excluded but as discussed in Chapter 3, 
1 31. 
(Section VII), this does not appear to be a major difficulty in the 
system. 
In carrying out experiments to assay changes in levels of a 
specific mRNA in preparations of total RNA it is important to use 
concentrations of total RNA which will produce quantitative trans-
lation of all mRNAs present and not produce preferential translation 
of a specific mRNA. Thus for each sample of RNA extracted from 
cotyledons of different days of light- and dark-grown development 
the effect of increasing the concentration of that RNA on the total 
incorporation of radioactivity by the system was estimated. The 
amounts of LSu Ru.BPCase among the resulting translation products 
were quantitated by excision of the labelled polypeptide from the gel, 
and the radioactivity was estimated by scintillation counting as 
described in Materials and Methods. 	It was found that, with 
increasing amounts of RNA up to 20 .ig per incubation (400 Lg/ml), 
incorporation of radioactivity into protein was linear and that the 
synthesis of LSu bore a linear relationship to the total protein 
synthesis (for example, see Fig. 7.1). 	Thus in experiments to study 
the developmental changes in amounts of LSu mRNA the E. coil translation 
system was programmed with 15  p.g per incubation of total RNA 
extracted from cotyledons of different stages of light- and dark-
grown development. The amount of radioactivity incorporated by 
the E. ccli system, programmed with a particular RNA, was calculated 
on a per pg input basis and is shown in Figure 7.2a. The develop-
mental changes of amounts of radioactivity incorporated by the E. coli 
system programmed with equal amounts of RNA from light- and dark-grown 
tissue are essentially similar. 	The incorporation of radioactivity 
increases when programmed with RNA extracted from cotyledons up to 
Day 3 in the light or Day L. in the dark and thereafter declines. 
Figure 7.1 	Incorporation of 	methionine into Total 
Protein and LSu RuBPCase by the E. coil 
Translation System Programmed with Total 
Cucumber Cotyledon RNA 
The E. coil translation system was incubated, as described 
in Materials and Methods with increasing amounts of Day 
light-grown Cucumber cotyledon RNA. The amount of radio-
activity incorporated into LSu RuBPCase was estimated by 
excision of the labelled polypeptide, located by autoradiography 
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Figure 7 	Incorporation of 5S]methionine into Protein 
by the E. coli System Programmed with Equal 
Amounts of Total RNA Extracted from Cotyledons 
of Light- and Dark-Grown Cucumber Seedlings. 
The E. coli translation system was incubated as described 
in Materials and Methods with 15 tg of total RNA extracted 
from Cucumber cotyledons from each stage of light- and dark-
grown seedling development. 
Data plotted on a per ig input basis. 
RNA extracted from light-grown cotyledons (.- •). 
IA extracted from dark-grown cotyledons (o- D). 
Data plotted on a per cotyledon basis. 
RNA extracted from light-grown cotyledons (s - s) 
RNA extracted from dark-grown cotyledons (0-0). 
a) 



















































To allow direct comparison with other data presented here, 
the amount of radioactivity incorporated by the E. coli system 
programmed by various RNAs is presented on a per cotyledon basis 
(Fig. 7.2b). 	To do this the amount of incorporation produced 
on a per ig input basis (shown in Fig. 7.2a) was multiplied 
by the estimate of total RNA present in a cotyledon for that 
particular day (see Fig. 6.8a). 	Three points emerge from the 
analysis of the translation products of the E. coil system, 
programmed with equal amounts of RNA extracted from cotyledons 
of light- and dark-grown development by SDS-polyacrylamide-gel 
electrophoresis and autoradiography (see Fig. 7.3). 	Firstly, 
there are developmental changes in the profiles of translation 
products. 	Secondly, these developmental changes are essentially 
similar when programmed with RNA extracted from light- and dark-
grown tissue. Thirdly, the translatable mRNA coding for a 
polypeptide, previously identified as LSu RuBPCase, first appears 
at approximately Day 2 and thereafter its levels appear to 
increase. A number of other unidentified labelled polypeptides 
also appear to change in amounts in a developmentally related 
manner. 
Quantitation of LSu RuPCase amongst the translation products 
has been carried out, firstly, by excision of the labelled poly-
peptide from the polyacrylamide gel and by estimating amounts of 
radioactivity by scintillation counting, secondly, by direct 
immunoprecipitation of LSu from the translation products. 	In 	the 
second case, the amounts of radioactivity present in aliquots of the 
immunoprecipitate were estimated by scintillation counting and 
samples analysed by SDS-polyacrylarnide-gel electrophoresis and auto- 
Figure 7.3 Analysis of the Translation Products of the 
E. coli System Programmed with Equal Amounts 
of Total RNA Extracted from Cotyledons of 
Light- and Dark-Grown Cucumber Seedlings. 
The E. coil translation system was incubated as described 
in Materials and Methods with 1 g of total RNA extracted from 
Cucumber cotyledons from each stage of light- and dark-grown 
seedling development. Translation products were analysed on 
i% polyacrylamide-gels containing SDS followed by autoradiography 
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radiography. 	Both techniques yielded essentially similar results 
(see Fig. 7.4 a-b), which gave me some confidence in thinking that 
in excising the labelled band of LSu I was not also excising another 
radioactive polypeptide that co-migrates with LSu. The slight 
differences between the data presented remains to be explained 
although it needs to be borne in mind that these are the results 
of separate experiments. 	It is apparent that the amounts of 
LSu synthesized undr the direction of equal amounts of RNA 
extracted from light- and dark-groin cotyledons are similar. 
The translatable rrNA for LSu RuBPCase appears between Days 2 and 3 
and accumulates at approximately the same rate in the light and dark-
grown tissue until Day 14 or Day 5 and thereafter declines. 	This 
data presented on a per cotyledon basis (Fig. 7.5 a-b) allows 
a direct comparison to be made with Figure 6.3 showing the amount 
of native RuBPCase in vivo. 
These results would indicate that translatable mRNA for 
LSu appears in both the light- and dark-grown tissue at about the 
same time as the in vivo appearance of complete RuBPCase bet',een Day 
2 and Day 3. Thus the initiation of synthesis of the mRNA appears 
to be light independent. The amounts of translatable mRNA for LSu 
increases in both light- and dark-grown cotyledons until Days 14 - 5 
and over this period appears to be positively related to the amount 
of RuBPCase protein synthesized in vivo. At later stages of 
development the amount of translatable mRNA declines quite sharply 
in the light-grown, but much more slowly in the dark-grown cotyledons. 
The decline in the amounts of translatable mRNA after Days 14 - 5 
remains unexplained as duxing this period in vivo accumulation of 
complete RuBPCase continues. Mixing experiments were carried out 
Fig-are 7.4 Quantitation of LSuRuBPCase Synthesized by the 
E. coil System Programmed with Equal Amounts 
of Total E1'TA Extracted from Cotyledons of Light- 
.......... 	 ... 
and Dak-Grown Cucumber Seedlings 
The E. coli translation system was incubated as described 
in Materials and Methods with equal amounts of RNA extracted 
from Cucumber cotyledons from each stage of light- and dark- 
grown seedling development. Quantitation of LSu RuBPCase 
synthesized in vitro on a per 4g input basis was estimated by 
Fractionation of the translation products on i% 
polyacrylamide-gels containing SDS, location of polypeptide 
by autoradiography and estimation of radioactivity by excision 
of the polypeptide and scintillation counting as described in 
Materials and Methods. 
Direct immunoprecipitation of LSu from the translation 
(1 	products; a7. radioactivity was estimated by scintillation 
counting as described in Materials and Methods. 
In both cases (u - a) RNA from light-grown cotyledons 
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Figure 7.5 Quantitation of LSu Synthesized by the E. coli 
System Programmed with Equal Amounts of Total 
RNA Extracted from Cotyledons of Light- and 
Dark-Grown Cucumber Seedlings 
Data was calculated on a per ig input basis (shown in 
Pig. 7.4) and multiplied by the total RNA content of the 
Cucumber cotyledons (shown in Pig. 6.8a) to give the 
amounts of LSu RuBPCase synthesized in vitro on a per 
cotyledon basis. 
LSu estimated directly. 
LSu estimated by inununoprecipitation. 
In both cases: RNA from.light-grown cotyledons (,& -,&). 
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Figure 7.6 Incorporation of [S]Methionine  by the E. con 
System Programmed with Q# RNA Mixed with Equal 
Amounts of Cucumber Cotyledon Total RNA Extracted 
from Light- and Dark-Grown Seedlings 
The E. coli translation system was incubated as described 
in Materials and Methods with 1 5 Mg of total RNA extracted from 
Cucumber cotyledons from each stage of light- and dark-grown 
seedling development added to L. Mg QpRI1A. 
Broken line QENA alone, QftRNA added to RNA from light-grown 
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in order to show that the decline in incorporation by the E. coli 
system, when programmed by total cotyledon RNA extracted from the 
later stages of development, was not due to some inhibitor that 
co-purifies with the R1TA. 	Equal amounts of RNA, extracted from 
light- and dark-grown cotyledons, were mixed with LL Lg of 
RNA and used to programme the E. coli system. The amounts of RNA 
used in these experiments did not result in saturation of the 
E. coli system. 	The incorporation of radioactivity by the system 
programmed with QP RNA alone and QA RNA mixed with the total 
cotyledon RNA are shown in Figure 7.6. R1TA extracted from light-, 
and .ark-grown cotyledons does not appear to have a differential 
effect on the translation of GA RINA in the E. coli system 
(II) Developmental Changes in PSSu RuEPCase mRNA as Assayed in a 
Wheat Germ Translation System 
As has been described in Chapter L, a major translation product 
of the Wheat germ system when programmed with Cucumber cotyledon 
total RNA, has been identified as PSSu RuBPCase. Thus the 
optimised Wheat germ translation system, programmed with RNA 
extracted from cotyledons of different stages of light- and dark-
grown seedling development, was used to assay the levels of 
translatable mRNA for the PSSu present in the tissue. 
To ensure quantitative translation of the total RNA in the 
Wheat germ system, experiments similar to those described in the 
previous section for the E. coil system were carried out. 	For 
each sample of FLL\TA extracted from the cotyledons of differing 
days of development the effect of increasing the concentration 
of that RNA on incorporation in the Wheat germ system was 
investigated. The results were essentially the same as shown in 
135. 
Figure 7.1 for the E. coli. system. 
Thus the Wheat germ system was incubated with 15 	of total RNA 
extracted from cotyledons of differing stages of seedling development 
and the amount of radioactivity incorporated was calculated on a per 
ig unput basis and shown in Figure 7.7a. The developmental changes 
of amounts of radioactivity incorporated by the Wheat germ system 
programmed by RNA extracted from light- and dark-grown cotyledons 
are similar . A broad peak of incorporation of radioactivity 
takes place when the system is programmed with RNA extracted from 
Day 1 - Day L cotyledons after which there is a decline. 
Once more to allow direct comparison with other data presented 
here, the amount of radioactivity incorporated by the Wheat germ 
system programmed with various RNAs are presented on a per cotyledon 
basis (Fig. 7.7b). 
Analysis of the Wheat germ translation products by SDS-
polyacrylamide-gel electrophoresis and autoradiography show stage 
specific changes in the polypeptide profiles encoded by the RNAs 
extracted from light- and dark-grown cotyledons (Fig. 7.8). Although 
the polypeptide profiles programmed by RNA from light- and dark- 
grown tissue are similar, there are some subtle differences between 
the two. 
The translatable mRNA coding for the polypeptide that has been 
previously identified as PSSu Ru..BPCase first appears to be present 
between Day 2 and Day 3 and thereafter accumulates. Essentially 
similar amounts of PSSu rnPLNA appear to be present in RNA extracted 
from light and dark-grown tissue. In addition to PSSu another 
major labelled polypeptide of 35,000 Mr appears on Day 2. 	This 
polypeptide is present amongst the translation products directed 
Figure 7.7 Incorporation of [3S]Nethionine into Protein by 
the Wheat Germ System Programmed by Equal Amounts 
of Total RNA Extracted from Cotyledons of Light- 
..... 	...... 	I 
2Ed Dark-Grown Cucumber Seedlings 
The Wheat germ translation system was incubated as described 
in Materials and Methods with 1 5 P9 of total RNA extracted from 
Cucumber cotyledons from each stage of light- and dark-grown 
seedling development. 
Data plotted on a per ig input basis. 
RNA extracted from light-grown cotyledons (o - o). 
RNA extracted from dark-grown cotyledons (.-.). 
Data plotted on a per cotyledon basis. 
RNA extracted from light-grown cotyledons (t-). 
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Figure 7.8 Analysis of the Translation Products of the Wheat 
Germ System Programmed by Equal Amounts of Total 
RNAExtracted- from Cotyledons of Light- and Dark-
Grown Cucumber Seedlings 
The Wheat germ translation system was incubated as 
described in Materials and Methods with 1 5 P9 of total 
RNA extracted from Cucumber cotyledons from each stage 
of light- and dark-grown seedling development. 
Translation products were analysed on i% polyacrylamide-
gels containing S]DS followed by autoradiography as described 
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by RNA from light-grown tissue and to a lesser extent in the 
products directed by RNA from dark-grown tissue. As previously 
discussed this polypeptide co-migrates on gel electrophoresis 
with the 3,000 N membrane polypeptide synthesized in chloroplasts 
isolated from Cucumber cotyledons. 	In contrast the mRNA 
coding for the 32,000 Mr polypeptide first appears at Day L and 
its synthesis appears to be light dependent. 	Comparing this 
observation with those of other workers (Apel and Kloppstech, 1978a), 
would suggest that the 32,000 Mr polypeptide synthesized in vitro 
is the precursor to the chlorophyll a/b binding protein. 
Close comparison of the translation product profiles programmed 
by RNA from light- and dark-grown tissue reveals a number of differences 
amongst minor polypeptides, the majority of which have yet to be 
identified. These include polypeptides that accumulate under the 
direction of RNA extracted from the early stages of light- and 
dark-grown development and which subsequently decline and disappear 
in the light, whereas in the dark, although there is a gradual decline s 
they persist for longer, and thbse polypeptides that are only 
synthesized under the direction of RNA from light-grown tissue. 
Quantitation of PSSu Ru.BPCase amongst the translation products 
was carried out by excision of the labelled polypeptide, located by 
autoradiography of an SDS-polyacrylamide-gel and radioactivity 
estimated by scintillation counting. 	It had been hoped to use 
antisera raised against purified Cucumber SSu to quantitate 
the amounts of PSSu amongst the translation products. 	However, 
while the antisera available enabled me to carry out irnmunoprec.ipitation 
to identify PSSu amongst the translation products it was not good 
enough to yield meaningful results in the quantitation of PSSu 
137. 
coded for by nNAs extracted from differing days of development. 
Because of this, these results do not take into account possible 
premature termination of translation of PSSu mRNA which may take 
place in the system. However, we might expect that the amount of 
prmature termination will be proportional to the amount of 
specific mRNA present at each stage of development. 	Hence for 
our purpose any premature termination will only result in the 
under-estimation of PSSu amongst the translation products and not 
effect the overall developmental pattern. The possibility that I 
was excising another polypeptide that co-migrates on gel electrophoresis 
with PSSu cannot be excluded. When excision of the labelled 
PSSu was being carried out the period of preparative electrophoresis 
was extended to ensure the separation of PSSu from a polypeptide of 
slightly smaller molecular weight. 
The amounts of PSSu synthesized by the Wheat germ system directed 
by equal amounts of RNA extracted from differing stages of development 
are shown in Figure 7.9, expressed on a per pg input basis. 	It is 
apparent that the amounts of PSSu synthesized in the Wheat germ 
system programmed by RNA extracted from light- and dark-grown 
tissue are similar. Assuming that the Wheat germ and the E. coil 
systems are able to translate low levels of RNA with equal efficiency 
we can compare Figure 7.9 directly with Figure 7.4. The appearance 
and initial increase of the mRA for PSSu assayed in the Wheat germ 
system appears to precede that of LSu mRNA assayed in the E. coil 
system. The peak in amount of PSSu rnRNA assayed in vitro precedes 
that of LSu mRNA by a day. 
The amount of PSSu synthesized in the Wheat germ system 
directed by equal amounts of RNA extracted from light- and dark-
grown cotyledons plotted on a per cotyledon RNA basis is shown 
Figure 7.9 Quantitation of PSSu RuBPCase Synthesized by the 
Wheat Germ System Programmed with Equal Amounts 
of Total RNA Extracted from Cotyledons of Light-
and Dark-Grown Cucumber Seedlings 
The Wheat germ translation system was incubated as 
described in Materials and Methods with 15 g of total RNA 
extracted from cotyledons from each stage of light- and 
dark-grown seedling development. Quantitation of PSu 
RuBPCase in vitro on a per ig input basis was carried out 
• by fractionation of the translation products on 15%  poly-
acrylamide-gels containing SDS, location of the polypeptide. 
by autoradiography and estimation of radioactivity by 
excision of the polypeptide and scintillation counting as 
described in Materials and Methods. 
RNA from light-grown cotyledons,.;(o-a). 
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in Figure 7.10a. 	The E. coil data for the synthesis of LSu, shown 
in Figure 7.10b is replotted for convenient comparison. 	The 
developmental profiles are essentially similar and over the first 
L days of seedling development compare well with the accumulation 
of RuBPCase protein in vivo as shown in Figure 6 .5c. However, 
the decline in translatable mRNA for PSSu in vitro is again not 
reflected in vivo where accumulation of both complete PLuBPCa5e 
and SSu continues (Fig. 6.5 b and c). 
The decline in the amount of the PSSu mRNA in the Wheat 
germ system can be partially attributed to a factor that co-purifies 
with the total RNA which inhibits the Wheat germ system. Mixing 
experiments were carried out using equal amounts of total RNA 
extr'.cted from cotyledons at each stage of light- and dark-grown 
development mixed with 5 g total BMV RNA to programme the system. 
The amounts of RNA used in these experiments did not result in 
the saturation of the Wheat germ system. The amounts of 
incorporation of radioactivity by the Wheat germ system, programmed 
with either BNIT RNA alone or BflV added to the RNAs extracted from 
various stages of cotyledon development are shown in Figure 7.11a. 
There appears to be a decrease in the incorporation of radioactivity 
with RNAs extracted from cotyledons of later stages of light-grown 
development. As a preliminary investigation as to whether the 
inhibiting factor co-purifies with mRNAs, a similar experiment was 
carried out using the poly(A) fractions of total RNA extracted 
from cotyledons of light- and dark-grown seedlings, incubated in 
the Wheat germ system with equal amounts of BMV RNA (see Fig. 7.11b). 
Once more concentrations of RNA were used which do not saturate the 
system. 	The data suggests that whatever factor present in total 
Figure 7.10 Quantitation of PSSu RuBPCase Synthesized by 
the Wheat Germ System Programmed by Equal 
Amounts of Total RNA Extracted from Cotyledons 
of Light- and Dark-Grown Cucumber Seedlings 
Data as presented in Figure 7.9 except multiplied by 
the total RNA content of the Cucumber cotyledon 
(presented in Figure 6.8) to give the amounts of PSSu 
RuBPCase synthesized in vitro on a per cotyledon basis. 
(0-0) RNA. from light-grown cotyledons. 
(rn - u) RNA from dark-grown cotyledons. 	/ 
For convenient comparison Figure 7.a showing the 
amounts of LSu RuBPCase synthesized by the E. coli 
translation system programmed with the same RNA is 
shown. 
RNA from light-grown cotyledons. 
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Figure 7.11 Incorporation of [35] Methionine by the Wheat 
Germ System Programmed with BMV RNA Mixed with 
Equal Amounts of Cucumber Cotyledon Total RNA 
Extracted from Light- and Dark-Grown Seedlings 
The Wheat germ system was incubated as described in 
Materials and Methods with RNA extracted from Cucumber 
cotyledons from each stage of light- and dark-grown 
seedling development added to 5 ig BMV RNA. 
Broken line BNV RNA alone, BMV added to 15 99 
total RNA from light-grown cotyledons (o - 
BNV added to 15 gm total RNA from dark-grown 
cotyledons (U-..). 
Broken line BNV RNA alone, BNV added to 0.5 p.g 
poly(A) RNA from light-grown cotyledons 
( . - u), BMIT added to 0.5 	poly(A) RNA from 
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RNA preparations from light-grown cotyledons of the later stages 
of seedling development does not co-purify with poly(.) PLNA 
(III) 	Developmental Changes in the CaDacity of Isolated Plastids 
to Synthesize Proteins 
In the preceding Sections, I have used heterologous cell-free 
translation systems to assay changes in the amounts of mRNAs coding 
for chioroplast specific proteins in Cucumber cotyledons during 
seedling development. However, although the appearance of specific 
mRNAs, assayed in vitro, appears to be related to the accumulation, 
of the proteins that they code for in vivo, it may be unwise to 
extrapolate in vitro data to in vivo changes without some caution, 
Indeed the apparent decline in the amounts of mRNAs extracted from 
cotyledons of the later stages of Cucumber developmental sequence 
has only been partially explained in the case of the Wheat germ 
system. 	Thus it was hoped that an investigation of the protein 
synthetic capacity of isolated plastids extracted from light- and 
dark-grown cotyledons would allow an insight into not only the 
development of the capacity of the plastids for protein synthesis, 
but also the range of polypeptides synthesized. 
Unfortunately, it was found that plastids extracted from the 
dark-grown sequence of tissue were not able to incorporate radio-
activity into protein under the conditions used, either with light 
or ATP as an energy source. 	This is in contrast to the findings 
of Siddell and Ellis (1975) who, using etioplasts isolated from the 
apical buds of Pea plants grown in the dark, demonstrated the 
synthesis of relatively small amounts of LSu RuBPCase using 
ATP as a source of energy. My lack of success in isolating plastids 
1)40. 
able to carry out protein synthesis in vitro from dark-grown seedlings 
may have been due to either the age of the tissue or the tissue 
itself. Dark-grown cotyledons are morphologically similar to dry 
seeds and the homogenisation procedure may have disrupted the 
plastids. 
As we have sewn in Chapter 5, plastids from light-grown tissue 
ar able to carry out protein synthesis using light or ATP as 
source of energy. Thus plastids isolated from cotyledons of the 
light-grown sequence of seedling development were incubated with 
3 met in the light, or in the dark with addition of ATP. 	The 
addition of ATP ensured that plastids unable to carry out 
photophosphorylation had an adequate source of energy. 
As described in Materials and Methods (p. 75), plastids were 
isolated from 5 g of cotyledons, harvested from Day 2 to Day 7 
light-grown seedlings and resuspended in equal volumes of 
Resuspension Buffer. Equal volumes of the resuspended plastids 
were used in incubation. 
To allow direct comparison with other data here the results 
are expressed on a per cotyledon basis. 	In order to do this the 
amount of radioactivity incorporated by a plastid extract, prepared 
from 5 g of tissue was divided by the number of cotyledons in 5 g 
of tissue (the fresh weight of the cotyledons was previously 
obtained by other workers (Becker et al., 197 (see Fig. 7.12a). 
Also the amount of radioactivity incorporated as a function of the 
amount of incubated protein is shown to indicate the synthetic 
activities of crude plastid preparations (see Fig. 7.12b). 
With light or ATP as a source of energy, the temporal pattern 
of the development of the protein synthetic capacity of isolated 
Fig,re 7.12 Incorporation of [35S]' Nethionine into Protein 
by Isolated Plastids Extracted from Cucumber 
Cotyledons of Differing Stages of Light-Grown 
Seedling Development 
Plastids were isolated from cotyledons of differing 
stages of seedling development and incubated with [35S]met 
as described in Materials and Methods. 
Amounts of radioactivity expressed on a per 
cotyledon basis 
(A-A) Incubation with light as an energy source. 
(A- A) Incubation with 2 m APP as an energy source. 
Amounts of radioactivity expressed on a per mg 
protein incubated basis 
(o - o) Incubation with light as an energy source. 
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plastids is similar. 	However, ATP alone, up to Day 5, is unable to 
effectively replace light as a source of energy. Alter Day 6 light 
can be replaced by ATP, confirming previous results (see Chapter 5). 
This observation remains to be explained, but possibly reflects 
subtle changes eithr in the permeability of the plastid membranes 
to ATP or the energy requirements of the isolated plastids to 
carry out protein synthesis. 	Siddell and Ellis (1975) found that 
plastids isolated from Pea shoots at subsequent stages of greening 
had differential energy requirements. They demnstrated that 
plastids became less dependent on addition of ATP to carry out 
protein synthesis. 	Indeed after 96 h of greening protein synthesis 
in isolated plastids became totally light dependent. 
There appears to be a peak of protein synthetic activity between 
Day L and Day 5 which is then followed by a decline. This pattern 
has been observed on 3 separate occasions. These results are 
reflected in the profiles of the labelled translation products 
analysed by SDS-polyacrylamide-gel electrophoresis.and fluorography 
(Pig. 7.13). 	In. this case, equal amounts of protein from each 
incubation were loaded on each gel slot so no direct comparison 
with other data can be made. The labelled proteins synthesized 
in isolated plastids incubated in the light and in the dark with 
ATP are similar. It was apparent that plastids from Day 3 
synthesize LSu RuBPCase and another poly-peptide of approximately 
31,000 M. 	On Day 4 other polypeptide bands became apparent 
including what are thought to be thecZ and ft  subunits of chloropl.ast 
ATPase. 	Lmongst the polypeptides synthesized in the plastids 
in the dark with ATP there appears to be a polypeptide of 35,000 Mr 
(arrowed) from the 'light-driven' polypeptide products. 	In the 
Figure 7.13 Analysis of Translation Products of Isolated 
Plastids Extracted from Cucumber Cotyledons 
at Different Stages of Light-Grown Seedling 
Development and Incubated with [S]Nethionine 
Plastids were isolated and incubated with [35S] metas 
described in Materials and Methods. Equal amounts of 
protein from each incubation were fractionated on 1 59/6' 
polyacrylamide—gels containing SDS and labelled translation 
products were visualised by fluorography. 
Chloroplasts incubated with ATP as an energy 
source. Fluorograph exposed 25 days 
Chioroplasts incubated with light as an energy 
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latter case a pol3rpeptide band of 314,000 Mr  is present (arrowed). 
As described in Chapter 5, Section III this may be a result of 
the plastids incubated in the dark being unable to process 
a 3, 000  M precursor to the 34,000 N polypeptide. 	Between Day L 
and Day 5  the relative proportions of the polypeptide products do 
not apear to change. 
Although there is a dramatic decline in the incorporation of 
radioactivity by plastids extracted from Day 6 and Day 7 cotyledons, 
this reduction in activity is purely relative to Day L and Day 5. 
These plastids are still capable of carrying out protein synthesis 
and the translation products resemble those that are obtained from 
Day 5 plastids (for example, see Fig. 5.3). 
1 L3. 
Chapter 8. 	Discussion 
The aim of this study was to investigate the synthesis of 
Cucumber cotyledon chioroplast proteins during the development of 
seedlings grown in the light and in the dark. In carrying this 
out with the use of cell-free protein-synthesizing systems I 
studied, in particular, three separate aspects of the topic. 
Firstly, the accumulation of mRNAs coded by the chloroplast, 
secondly the accumulation in the cytoplasm of mRNAs coding for 
chioroplast proteins and thirdly, the development of the capacity 
of isolated chloroplasts to synthesize proteins. 	In discussing 
my results, I intend to (i) describe the use of the cell-free 
protein synthesizing systems, (ii) inter-relate the observed 
developmental changes as assayed in the cell-free systems, 
(iii) correlate these with the developmental changes observed 
in vivo and (iv) outline the advantages and disadvantages of the 
experimental techniques that have been adopted and discuss possible 
improvements. 
The results shown here indicate that the E. coli system can 
translate the mRNA components of Cucumber total cotyledon RNA and 
chloroplast RNA to produce a similar profile of polypeptides. 	The 
E. coli system was extensively characterised and the optimal 
conditions of incubation were used to ensure that the polypeptide 
products resulted from the co:rect translation of mRNAs. The 
fidelity of R.NA translation was verified by the use of viral RNA 
(Chapter 3, Section v). However, an important point raised by the 
analysis of the translation products of viral RNAs is that distinct 
labelled polypeptides may result from either premature termination 
or termination read through. This should be borne in mind when 
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considering the translation products of any cell-free protein-
synthesizing system. 
The data presented confirms previous findings that LSu 
RulPCase is a major product of the E. ccli system programmed with 
RNA extracted from photosynthesizing tissue (Hartley et al., 1 975; 
'heeler and Hartley, 1975; Bottomley et al., 1976, 1977 and 1979; 
Reisfeld, 1978b; Sano et al., 1979). 	The 54, 000 Mr translation 
product of the E. ccli system when program=ed with Cucumber RNA 
has been identified as LSu RuBPCase by co-migration with marker 
LSu on SDS-polyacrylamide-gel electrophoresis and imunopreciitation 
with antisera raised against Spinach RuPCase and Cucumber LSu 
RuBPCase (for example, see Fig. 3.6). 	Preliminary results of 
limited proteolytic digestion of the 5L.,OOO Mr  polypeptide 
by the method of Cleveland et al. (1977) indicates that this 
polypeptide is indeed LSu RuBPCase (data not shown). 
It is thought that there are three isoelectric variants of 
LSu RuBPCase in vivo (Kung et al., 1974; Chen et al., 1976). 
These appear to be the result of charge differences in the protein 
(Gray et al., 1978). 	These authors suggest that the charge 
differences arise from processing of the polypeptide shortly after 
translation, possibly the removal of the peptide sequence at the 
N-terminal. 	The E. coli system used here apparently does not remove 
the N-terminal methionine from completed polypeptides (Chapter 3, 
Section si). 	Thus it would be interesting to investigate whether 
LSu synthesized in the system is composed of isoelectric variants. 
This could be carried out simply by analysing the translation products 
of the E. coli system by 2-dimensional-gel electrophoresis (O'Farrell, 
1 975). 	Other workers have shown that isoelectric variants of LSu 
are synthesized in isolated chioroplasts (Ellis et al., 1977), a 
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Wheat germ system programmed with Euglena po1y(A BJ'IA (Sagher 
et al., 1976) and an E. coil system programmed with Spirodela 
RNA (Reisfeld et al., 1978). 
There remains a pressing need to identify some of the other 
translation products of the E. coil system. 	Indirectly I have 
been able to show that the majority of the polypeptides present 
amongst the translation products of the system are not a result 
of premature termination of LSu RuBPCase mRNA translation. This 
has been possible because these translation products are present 
when the E. coil system is programmed with RNA not expected to 
contain LSu mRNA, for example, compare the SDS-polyacrylamide-gel 
profiles of the translation products directed with poly(A) RNA 
extracted from Cucumber cotyledons with those directed by poly(A) 
RNA from the same tissue (Fig. 3.7). 	It was hoped that some of 
the E. coil translation products could be tentatively identified by 
co-migration on SDS-polyacrylamide-gel electrophoresis with either 
purified chloroplast proteins or the products of protein synthesis 
in isolated chioroplasts. 	However, the results were disappointing 
(see Fig. .2), with only the co-migration of LSu being apparent. 
This could be due to several factors including i) the E. coil 
system may translate mRNAs that code for minor polypeptides or 
polypeptides that turn over rapidly and hence these would not be 
observed as stained chloropiast polypeptides ii) some of the 
labelled translation products of either the E. coil system or 
isolated chioroplasts may be unprocessed precursor polypeptides. 
Of particular interest is the apparent absence from the 
translation products of the E. coil system of the chloroplast membrane 
polypeptide of approximately 314,000 N which is synthesized in 
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isolated chloroplasts. This is in agreement with the observations 
of Bottomley et al. (1976, 1977 and 1979), but in contrast to the 
findings of Hartley et al. (1975) who, using an E. coli system 
programmed by Spinach chioroplast RNA, obtained a major polypeptide 
product of approximately 35, 000  Mr which was thought to be analogous 
to one of the polypeptides synthesized in isolated Spinach chloroplasts. 
The apparent absence of this polypeptide from the translation products 
of the E. coli system shown here suggests differential translation 
of this chloroplast mRNA by the E. coil system and isolated chloroplasts. 
The results obtained using increasing amounts of Cucumber cotyledon 
total RNA to programme the B. coli system suggests that LSu mRNA is 
efficiently translated (Chapter 3, Section Ix). By analogy with 
the results of other workers this may be due to the efficiency of 
initiation of translation (Lodish, 1974; Lomedico and Saunders, 1 977). 
This may serve as a mechanism by which plant tissues accumulate large 
amounts of RuBPCase. RiiBPCase is the most abundant polypeptide in 
light-grown plant tissue (Kawashima and Wildman, 1970), comprising 
up to 50% of the soluble protein and more than 25%  of the total 
protein in Spinach or Tobacco leaves (Wildman, 1979). 	LSu 
RuBPCase is known to be coded for by a single gene in chlorcplast 
DNA (Bedbrook, 1979a) and although chloroplasts contain as many as 
30 copies of circular DNA (Whitfeld et al., 1973)  it is not known 
if all are expressed simultaneously. Several mechanisms may 
result in high levels of RuPCase, for example, high rates of 
transcription or the protein itself being relatively stable. 
On the other hand the efficiency of translation coupled with 
chloroplast iibosomes accounting for up to 50% of the total 
ribosomes of the leaf (Boardman et al., 1966) may account for the 
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abundance of RuBPCase. It would be useful to investigate 
whether preferential translation took place in an S-30 protein 
synthesizing system derived from chlorolasts. The preparation 
of an active S-30 protein synthesizing system from chloroplasts 
has been attempted by several workers, but it is yet to he 
successful (j. Well and 0. Ciferri, personal communication). 
Comparison of the SDS-polyacrylamide-gel profiles of the 
labelled translation products of the E. ccli and Wheat germ systems 
programmed with the same RNA shows that they are qualitatively 
different (Fig. 5.2). 	This is in agreement with the observations. 
of Bottomley et al. (1976, 1977) who suggested that the Wheat germ 
system preferentially translated cytoplasmic mRNAs whereas the 
E. ccli system preferentially translated chioroplast mRNAs. While 
the majority of translation products of both systems remain to be 
identified, this suggestion needs to be treated with caution. 
Support has been provided here by the finding that whereas LSu 
RuBPCase is a major translation product of the E. ccli system it is 
a minor product of the Wheat germ system (Fig. 4.5). 	On the other 
hand, a chioroplast mENA may be translated in the Wheat germ system 
if the translation product of approximately 35,000 Mr  is a precursor 
to the 34, 000  Mr chloroplast membrane polypeptide synthesized in 
isolated chloroplasts. 	The identification of the Wheat germ 
35,000 Mr  translation product is at best tentative as it has been 
provided by co-electrophoresis on SDS-polyacrylamide-gel electro-
phoresis with the translation products of isolated chioroplasts. 
Although the 35, 000 Mr polypeptide is a major translation product (see 
Fig. 4.3) of the Wheat germ system it does not correspond to a protein 
amongst the stained protein gel profile of' Cucumber cotyledons 
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(Fig. 6.3) or gel profiles of in vivo labelled polrpeptides (Fig. 
6.6). 	This suggests that the 35, 000 Mr polypeptide may be 
a precursor polypeptide or is turned over rapidly in vivo. 
Edelman and co-workers have shown that the 33,500 Mr precursor 
of the 32,000 N chloroplast membrane protein is synthesized in a 
Wheat germ system programmed by Spirodela total RNA (Reisfeld 
et a?., 1978a). 	Both precursor 
rapidly in vivo (Edelman et al., 
and mature polypetid.e turn over 
1 979). 	However, even though 
the 35, 000  Mr polypeptide is synthesized when the Wheat germ system 
is programmed with Cucumber chloroplast RNA. this RNA does not 
efficiently stimulate incorporation in the system (see Chapter 4, 
Sections V and vi). This observation remains to be explained, but 
the possibility that some factor required for the efficient 
translation of the 35,000 N polypeptide mRNA in the Wheat germ 
is present in the total RNA preparation and not the chioroplast RNA 
preparation cannot be excluded. 	 - 
It has been found that when programmed with Spirodela RNA 
the precursor of the 32,000 N chloroplast membrane poly -peptide 
is efficiently synthesized in the Wheat germ system, whereas LSu 
is efficiently synthesized only in the E. coli system (Edelman and 
Reisfeld, 1978; Reisfeld et a?., 1978b; Edelman et al., 1979). 
This suggests a differential affinity of two specific chioroplast 
mRNAs for the Wheat germ and the E. coil translation complexes and could 
be due to several reasons. 	The most persuasive of these involves the 
primary structure of the rnRNA. The chioroplast membrane polypeptide 
mRNA may be 'capped' whereas LSu rnRNA may not. 	'Cap' structures 
consisting of a methylated guanosine residue linked by a 5'-5' tn-
phosphate group to the first coded nucleotide have been found at the 
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' terminal of most eucaryotic (but not procaryotic) mRNAs (for 
reviews, see Shatkin, 1979; Filipowitz, 1979 and Clemens, 1979). 
Although the role of 'cap' structures is not known precisely a great 
deal of attention has been paid to the influence of 'cap' structures 
on the translational efficiencies of mRNAs. Recently, elegant 
experiments have shown that when procaryotic mRNAs, not normally 
efficiently translated in the Wheat germ system, are 'capped' 
in vitro their translational efficiencies in the Wheat germ system 
become comparable with globin mRNA (Paterson and Rosenberg, 1979; 
Rosenberg and Paterson, 1979). At present it is not known whether ,  
mRNAs coded by the chloroplast are 'capped' but this is under 
investigation (M. Edelman, personal communication). 
When comparing the translation products of the Wheat germ 
system programmed with RNAs from different plant sources similarities 
are apparent (Pig. 4.3). 	Obviously care is required in making 
such a comparison due to possible differences in the developmental 
stages of tissue from which the RNA is extracted. 	However, it 
is apparent that the translation products of Spinach and Cucumber 
RNA bear a greater similarity to each other than to Spirodela 
and Wheat and vice versa. 	The reasons for the relative similarities 
are not known, the only obvious relationship between the sources of 
RNA being that Cucumber and Spinach are dicotyledonous whereas 
Spirodela and Wheat are monocotyledonous. 
One of the most significant points resulting from my observations 
is that the Cucumber cotyledon PSSu is a 2,000 N polypeptide 
(Fig. L.LL). 	This is 11000 daltons larger than the mature SSu 
(1L,000 M). The PSSu has been identified by immunoprecipitation 
with antisera raised against Spinach RuBPCase and Cucumber SSu 
150. 
RuPCase. It would have been useful tc confirm this finding by 
another method such as comparing limited proteolytic digests or 
tryptic peptides of the 25,000 N Dolrpeptide and SSu. 	However, 
it was envisaged that difficulties would arise in applying these 
techniques. The method of limited proteolytic digestion depends 
on the re-electrophoresis of the polypeptide fragments from 
protein digestion on SDS-polyacrylamide-gels (Cleveland et al., 1 977). 
Technical difficulties would arise in obtaining adequate resolution 
of polypeptide fragments smaller than 14,000 N on re-electrophoresis. 
The alternative is tryptic peptide mapping (for example, see 
Gray et al., 1978). 	However, due to the relatively large 
size differences between the precursor and the mature polypeptide 
any meaningful comparison of the peptide fragments from both 
polypeptides may bedifficult to obtain. 	Possibly the best 
form of identification could be provided by investigating whether 
the 25,000 N polypeptide is processed, transported into isolated 
chioroplasts and integrated into RuBPCase (Chua and Schmidt, 1978; 
Smith and Ellis, 1978). 
The Cucumber cotyledon PSSu is at least 5000 daltons larger 
than the PSSus previously reported to be synthesized in vitro 
(Roy et al., 1977; Dobberstein et al., 1977; Highfeld and Ellis, 
1978; Cashmore et al., 1978; Tobin, 1978; Chua and Schmidt, 1978). 
Close examination of the results presented by the latter authors 
indicate that Chiamydomonas PSSu is larger than those of Pea and 
Spinach being approximately 21,000 N. These authors have shown 
that whereas Pea and Spinach chloroplasts can process and transport 
either Pea or Spinach PSSus they do not process and transport 
Chlamydomonas PESu. It was suggested that evolutionary divergence 
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has resulted in this inability of higher plant chioroplasts to 
process and transport PSSu from a lower plant. 	This may be related 
to the larger size of chlamydomonas PSSu. The relatively large 
size of Cucumber cotyledon PSSu may also reflect evolutionary 
variation. 	Another possibility is that the 2 , 000  Mr PSSu is 
unique to the cotyledons and is not found in the leaves of mature 
plants. However, recent experiments have shown that the Wheat 
germ translation products programmed by either Cucumber cotyledon 
or leaf RNA are similar and both contain the 2,000 M polypeptide 
(Dosser and Walden, unpublished results). 
Using increasing amounts of total RNA to programme the Wheat 
germ system did not result in the preferential translation of SSu 
mRNA, as had been found with LSu mRNA when increasing amounts of 
total RNA were used to programme the E. coli system. 	As discussed 
previously preferential translation of mRNA may be one of the 
mechanisms by which large amounts of protein are accumulated 
in vivo. Hence preferential translation of SSu mENA would be 
expected considering the previously described abundance of Ru3PCase 
and the recent demonstration that the SSu gene is only present in 
a few copies at the most in the haploid Pea genome (Cashmere, 1979). 
Some indirect evidence that SSu mENA is relatively efficiently 
translated in vitro was provided by the experiments carried out to 
investigate the possible inhibitory effects on the translation of 
BMV RNA in vitro of Cucumber total and poly(A) ENA extracted from 
cotyledons of later stages of seedling development (see Chapter 7, 
Section II). Due to the efficiency of translation of BMV ENA in 
the Wheat germ system compared with total RNA (see Pig. L.i) it was 
expected that only BMV RNA would be translated in mixing experiments. 
152. 
However, analysis of the translation products by SDS-polyacrylamide-
gel electrophoresis and autoradiography, showed that amongst the 
translation products of the mixture of BMV and total cotyledon 
RNA extracted from later stages of seedling development, a 25, 000 N 
polypeptide was present. This is not the case when BMV RNA alone 
is used to programme the Wheat germ system (see Fig. 4.2). 	This 
suggests that SSu mRNA competes effectively with BMV RNA for 
translation in the Wheat germ system. 
The Wheat germ translation system directed by Cucumber cotyledon 
RNA synthesized several enzymes associated with lipid metabolism 
which have been identified by immunoprecipitation. 	These are the 
precursors of isocitrate lyase (61,500 and 59,000 N), malate synthase 
(57,000 Mr) catalase (55,500 N) and malate dehydrogenase (38,000 N) 
(Reizmann, Weir, Titus, Leaver and Becker, unpublished results). 	I 
have tentatively identified the 32,000 N polpeptide precursor of 
chlorophyll a/b binding protein by analogy with the results of 
Ape! and Kloppstech (1978a). 	The light dependent synthesis of the 
mRNA coding for the 32,000 M polypeptide is initiated in the cotyledons 
at Day L of the Cucumber seedling developmental sequence (see Fig. 
7.8). 	This coincides with the light dependent appearance of the 
polypeptide identified as chlorophyll a/b binding protein in the 
SDS_polyacrylamide-gel profiles of stained proteins (Fig. 6.3) 
and proteins labelled in vivo (Fig. 6.6). 	It had been hoped to 
positively identify the 32,000 Mr polypeptide as the precursor 
of the chlorophyll a/b binding protein by immunoprecipitation using 
antisera raised against chlorophyll a/b binding protein (a gift 
from K. Apel and J. Bennett). 	However, although the 32,000 Mr 
polypeptide was immunoprecipi tat ed from the Wheat germ translation 
1 3. 
products several other polypeptides appeared as contaminants. 
Several other polypeptides have been tentatively identified 
amongst the Wheat germ translation products by co-electrophoresis 
on SDS-polyacrylamide-gels with proteins synthesized in isolated 
chloroplasts. 	These include the and subunits of ATPase 
and as previously described the 3,OOC Mr chloroplast membrane-
bound polypeptide. However, as discussed previously chioroplast 
RNA does not appear to be efficiently translated in the Wheat germ 
system, thus the suggestion that proteins synthesized in the 
chioroplasts appear amongst the translation products directed by 
total RNA needs to be treated with caution. Recently evidence 
has been presented indicating that a Wheat germ system programmed 
with Spinach poly(A) synthesizes precursors to the 6 and I subunits 
of chioroplast ATPase (Price, Watanabe, Zielinski, unpublished 
results). 	It is thought that these subunits are synthesized in 	the 
cytoplasm (for example, see Bouthyette and Jagendorf, 1 978 ). 
The characteristics of protein synthesis in chioroplasts 
isolated from Cucumber cotyledons were similar to those described 
by other workers(Blair and Ellis, 1973; Sid.dell and Ellis, 197; 
Bottomley et al., 1974; Morgenthaler and Mendiola-Morgenthaler, 
1976). 	The isolated chloroplasts were able to use light or ATP 
as an energy source to synthesize a number of membrane-bound and 
soluble polypeptides (see Pig. .2). 	The major products have been 
tentatively identified by co-migration with purified chloroplast 
proteins on SDS-polyacrylamide-gel electrophoresis and comparison 
with previously published results. 	These include LSu RuPCase, 
thece andA subunits of ATPase and a 34,000 N polypeptide, the latter 
thought to be analogous to the major membrane-bound polypeptide of 
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approximately 32,000 Mr described by other workers (Eaglesham and 
Ellis, 1974; Bottomley et al., 1974; Morgenthaler and Mendiola-
Morgenthaler, 1976; Grebarier et al., 1979). 	If this is the case, 
it is of interest that the membrane-bound poleptide synthesized 
in isolated Cucumber cotyledon chioroplasts is not a major product 
as described by the other workers. 	It was found that this was not 
due to the conditions of the incubation nor the stage of development 
of the tissue from which the chioroplast were isolated. 
Preliminary evidence would suggest that the 34,000 N poly -peptide 
is synthesized in vitro as a 35,000 N precursor which is processed 
when isolated chloroplasts are incubated in the light but not when 
they are incubated in the dark with ATP as source of energy (Fig. 5.3). 
This work could be improved and extended by different experiments 
involving the addition of unlabelled methionine as a 'chase'. 	In 
the experiments described in Chapter 5, Section III, translation products 
of isolated chioroplasts incubated in the light or the dark for 
60 minutes with [35S]met were compared with those of a 20 minute 
incubation in the light with [35L etfollowed by a 40 minute 
'chase' (Fig. 5.3). 	It was hoped that this would show that amongst 
the translation products of the former incubations the 35,000 Mr 
and 34,000 Mr poly-peptides would .'e labelled whereas those of the 
latter would lack a labelled polypeptide of 35,000 N. 	However, 
the translation product profiles of the chloroplasts incubated In 
the light are similar, this is presumably because the declining rate 
of incorporation after 20 minutes (see Fig. .i) is equivalent to the 
addition of a 'chase' at this time. 	An improved xperiment would 
be to compa-re the translation products of a 20 minute incubation with 
[35S]met with those of a 20 minute incubation with [35S]met followed 
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Due to the difference in assay technique, caution is required 
in attempting to comDare closely the data concerning the accumulation 
of individual subunits and comniete RuBPCase. 	If this were possible 
one would be able to investigate whether the synthesis of the 
individual subunits was tightly coupled with the assembly of the 
native protein. To my knowledge there have been no reports for free 
LSu in plant tissue, but results from Ellis' group suggests a 
mechanism by which a specific orotein of cytoplasmic origin serves 
to aggregate LSu prior to the assembly of RuBPCase (Ellis, 1979). 
Several workers have presented evidence suggesting that pools of 
free SSu may be present in protoplasts in vitro (Hirai and Wildman, 
197; Barraclough and Ellis, 1979) and in young tissue (Feierabend 
and Wildner, 1978; Roy et al., 1978). 	A better technique to assay 
the levels of individual subunits and native RuPCase would be 
Rocket Immunoelectrophoresis. 	This technique permits the accurate 
quantitative measurement of the amount of a specific protein present 
in a mixture of proteins (see Crowle, 1961; Axelsen et al., 1973). 
The technique has been used successfully to study the accumulation 
of Gi protein during the development of Bean cotyledons (Sun et al., 
1978) and is not only very sensitive, but also would allow direct 
comparisons of the amounts of individual subunits and the native 
protein. 	A variation of Rocket Immunoelectrophoresis, Crossed 
Immunoelectrophoresis (as described in Axelsen et al., 1973) could be 
used to investigate the possible presence of pools of free SSu in 
tissue in which the synthesis of LSu has been abolished (Feierabend 
and Wildner, 1978). However, such techniques rely on the avidity of the 
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Day 3 and is followed in the light by the initiation of synthesis 
of the chlorophyll a/b binding protein at Day L. (Fig. 6.3). 	The 
method of in vivo labelling carried out for 24 hours prior to 
harvesting did not detect any of the previously described polypeptide 
precursors observed by other workers using in vitro and in vivo 
systems. 	This is presumably because of the rapid turn over of these 
precursor polypeptides. 	Indeed to my knowledge the presence of 
the precursors to chlorophyll a/b binding protein and SSu have yet 
to be demonstrated in the intact plant cell. Maccechini et al. 
(1979) have used 'pulse-chase' experiments on spheroplasts of 
yeast to demonstrate the presence of cytoplasmically synthesized 
precursors to mitochondrial proteins. 	Analogous experiments 
could be carried out using plant protoplasts. 
The increases in RNA content in light- and dark-grown tissue 
(Fig. 6.8a) are similar to the previous findings of Vedel and D'Aoust 
(1970) using Cucumber cotyledons and Ingle (1968b) using Radish 
cotyledons. 	These workers found that there was an increase in the 
RNA content of the cotyledons during light- and dark-grown seedling 
development and the amount of RNA in the dark reached 60-7 of the 
amount found in the light. 	In the data presented here the cotyledons 
of dark-grown cotyledons accumulate O% and 8% of the RNA content 
of those grown in the light at Day L and Day 6 respectively. 
Fractionation of the total RNA by polyacrylamide-gel electro-
phoresis shows that both the light- and dark-grown tissue accumulate 
chloroplast ribosomal RNA (Fig. 6.7 and Fig. 6.8b). 	This is in 
agreement with previous workers (Ingle, 1968b; Grierson and Covey, 
197; Becker et al., 1978). 	The accumulation of chloroplast 
ribosoinal RNA coincides with the accumulation of complete RuPCase 
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confirming the previous findings of Patterson and Smillie (1971) 
and Becker et al. (1978). 
Using[
2p] orthophosphate to label ribosomal RNA of Radish 
cotyledons during seedling development Ingle (1968a) showed that 
whereas incorporation into cytoplasmic ribosomal RNAs took place 
throughout the 6 days of seedling development incorporation into 
chloroplast ribosomal RNA took place only during Days 2, 3 and Li.. 
Similar results were obtained by Patterson and Smillie (1971) who, 
using PHI uracil to label RNA, found a sharp decline of 
incorporation of label into chioroplast ribosomal RNA when the first 
leaf of Wheat had stopped growing. This data was interpreted 
as showing that the pattern of net synthesis and degradation was 
similar and once a certain stage of development was reached, there 
was little replacement of chloroplast ribosomal RNA, whereas there 
was turn over of cytoplasmic ribosomal RNA. Although the idea 
that chloroplast ribosomal RNA is synthesized on a 'once only' 
basis is persuasive (Ingle et al., 1970) these results may also 
have been due to changes in the nucleotide pools as discussed in 
Patterson and Smillie (1971). 
The decline in the amounts of total RNA during the latter 
stages of the developmental sequence (Fig. 6.8) remains to be 
satisfactorily explained. 	Using different developmental systems, 
other workers have observed that an initial increase in the amounts 
of RNA was followed by a decline (Ingle, 1968a,1968b, Patterson and 
Smillie, 1971; Griersbn and Covey, 1 975). 	The possibility that 
the decline in RNA is due to RNAase action during extraction would 
be excluded by the observation that the polyacrylarnide-gel profiles 
of total nucleic acids shows that the ribosomal RN-As of later 
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stages of development appear to remain intact (Fig. 6.7). 	One 
possibility is that the decline in the total ?LNA content indicates 
the initiation of senescence in the tissue (discussed in Butler, 
1 967). 	It has been shown that in senescing Cucumber cot:rledons 
the decline in RNA content is associated with an increase in 
RNAase activity (Lewington et al., 1 967). 
When equal amounts of total RNA extracted from cotyledons 
of light- and dark-gTowri seedling development are used to 
programme the E. coli system the developmental changes in 
incorporation are similar (Fig. 7.2a). 	This would indicate that 
in both light- and dark-grown tissue there is an accumulation 
of chioroplast mRNA until Day L in the light, Day 5 in the dark, 
after which there is a decline. 	Comparison of the translation 
products directed by equal amounts of total cotyledon RNA from 
light- and dark-grown Cucumber seedlings show that they are 
essentially the same (Fig. 7.3). 	The result indicates that the 
mRNAs assayed with the E. coli system broadly fall into two 
categories, the majority are those that are present at every 
stage of development while the minority appear to be present from 
Day 2 or Day 3 and thereafter increase in amounts. The most 
prominent of the latter group has been identified as LSumRNA. 
Until more of the translation products of the B. ccli system 
can be identified as proteins synthesized within the chioroplast 
any conclusions concerning the overall transcriptional activity 
of the chioroplast during its development can only be tentative. 
It may be a feature of the translation system that only those 
mRNAs that are translated are those that are not quantitatively 
or qualitatively different in light- and dark-grown tissue. 
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However, the data presented here would suggest that equal amounts 
of RNA extracted from light- and dark-grown Cucumber cotyledons 
contain the same relative proportions of chioroplast mRNAs. The 
only differences between light- and dark-grown tissue being the 
amounts of mRNA p-resent in each at any particular stage of 
development (Fig. 6.8a). 
The similarities in the types of riNA assayed in the E. coil 
system are reflected in the similarities in the gel profiles ofstained 
proteins present in the light- and dark-grown cotyledons (Fig. 6 .3) 
and labelled in vivo (Fig. 6.6). 	At first, this result was 
surprising, considering the dramatic morphological differences 
between light- and dark-grown seedlings (Fig. 6.1). 	However, it is 
perhaps to be expected considering the observations of previous 
workers (outlined in Chapter i), that etioplasts and chloroplasts 
each contain many of the same constituents. The data presented 
here would extend these observations by showing that etioplasts 
and chioroplasts contain the same spectra of mRNAs. 
The initiation of synthesis of LSu raRi'A between Day 2 and Day 3 
appears to be lit independent and coincides with the appearance 
of both chioroplast ribosomal RNA (Fig. 6.8b) and LSu in vivo 
(Fig. 6.a). 	The levels of LSu synthesized in vitro with the 
E. coli system programmed with equal amounts of PLNA from light- 
and dark-grown tissue indicates that the pattern of accumulation of 
LSu mRNA in the light and dark is similar (Fig. 7.4).. Comparing 
the levels of InPLNA assayed in vitro (Fig. 7.) with the levels 
of LSu and RuPCase assayed in vivo (Fig. 6.b,c) it appears that 
the synthesis of LSu in cotyledons takes place as soon as the 
rnRNA becomes available and that the accumulation of LSu mRNA is 
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positively related to the accumulation of LSu and RuBPCase until 
Day L or Day 5. 	After this time there is a decline in the 
amounts of LSu mRNA assayed in vitro whereas in vivo the rate of 
accumulation of RuBPCase is maintained, this will be discussed 
later. 
Where equal amounts of RNA extracted from light- and dark-grown 
cotyledons are used to urogramme the Wheat germ system the peak 
of mRNA activity extends from Day 1 to Day L. in the light and from 
Day 2 to Day L in the dark (see Fig. 7.7). 	This corresponds to 
the period of rapid accumulation of cytoplasmic ribosomal RNA (Fig. 
6.8b) and presumably the most active period of cytoplasmic protein 
synthesis. 
Close comparison of the translation products of the Wheat germ 
system programmed with equal amounts of RNA extracted from light-
and dark-grown cotyledons reveals not only developmental changes 
but differences between light and dark (Fig. 7.8). 	The data 
indicates that translatable mRNAs in the Wheat germ system broadly 
fall into L categories: 	i) Those that are present early in 
development in the light and the dark and subsequently decline in 
both light and dark disappearing in the former but persisting in 
reduced amounts in the latter case. 	These include the rnRNAs coding 
for the previously mentioned enzymes that are involved with lipid 
metabolism (Weir, Leaver, Reizman, Becker and Grienenberger, 
unpublished results), 	ii) Those that increase during light- and 
dark-grown development. These include mRNAs that code for a 2,000 N 
polypeptide and the cucumber PSSu. 	iii) Those whose synthesis 
is light dependent, these include rnRNAs coding for a 37,000 Mr  and a 
32,000 Mr polypeptide, the latter is thought to be the precursor 
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of the chlorophyll a/b binding protein. 	iv) Those mRNAs that are 
present in the light and in lesser amounts in the dark. These 
include the mRNA coding for the 3,000 M polypeptide which co-
migrates with a membrane-bound polypeptide synthesized in isolated. 
chlorcplasts. 
When equal amounts of total cotyledon RNA are used to programme 
the Wheat germ system we see that the developmental changes in the 
amcunt of PSSu mRl\IA, like LSu mRNA, are similar in seedlings grown 
in the light and the dark (Fig-7-9). 	Due to possible differences 
in translational efficiencies of the two cell-free systems close 
comparisons cannot be made between the accumulation of PSSu and LSu 
mRA assayed in vitro. However, it is apparent that the peak amount 
of PSSu mRNA precedes that of LSu by one day (See Fig. 7.9 and Fig. 
7.4). 	The accumulation of LSu, like LSu is directly related to 
the levels of PSSu mRNA, assayed in vitro during the initial 
period of seedling development (compare Fig. 6.5b and c with Fig. 
7.l Oa) . 
Comparing the accumulation of LSu and PSSu mRi'IA.assayed in vitro 
(Fig.7.1O) with that of the individual subunits and native proteins 
assayed in vivo (Pig. 6.a, b and c) similarities during the initial 
period of seedling development are apparent. In the dark-grown 
tissue, after an initial increase, the decline in the rate of 
accumulation of LSu and SSu and RuPCase appears to be preceded by 
a decline in the levels of LSu and PSSu mRNA assayed in vitro. 
On the other hand the decline in the levels of LSu and PSu mRA 
extracted from light-grown cotyledons of the later stages of 
seedling development takes place while the accumulation of LSu, SSu 
and RulPCase is maintained. This remains to be satisfactorily 
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explained. 	Indeed this point exposes one of the major limitations 
of using in vitro protein-synthesizing systems to assay changes 
in levels of mRNAs. 	Such systems may be used to assay increases in 
levels of mRNA. However, although a decline in protein synthesis 
in vitro may reflect a real decline in mRNA levels it may also be 
due to other factors such as the mRNA becoming functionally defective 
in vitro or cell-free protein-synthesis progressively becoming 
inhibited. 
Mixing experiments were carried out to investigate whether a 
factor co-purifying with RNA isolated from cotyledons from the latter 
stages of seedling development inhibited either the E. ccli or Wheat 
germ translation systems. 	In each case equal amounts of cotyledon 
total RNA were added to equal amounts of viral RNAs. Due to the 
relative efficiency of viral RNA to stimulate protein synthesis 
in vitro in such experiments incorporation of radioactivity takes 
place largely into viral protein. 	So, in effect, we are looking 
at the effect of Cucumber RNA on viral RNA translation. The results 
of these experiments would suggest that some factor present in the 
RNA prepared from cotyledons of the later stages of light-grown 
seedling development inhibits viral RNA translation in the Wheat 
germ system, but not the E. coli system (see Fig. 7.6 and Fig. 7.11a) 
Preliminary data would suggest that the inhibitory factor is not 
associated with poly(A) +  RNA (Fig. 7.11b). 	However, why this 
factor only aTectstranslation by the Wheat germ system remains 
unexplained. Unfortunately this preliminary data does not allow 
an assessment of the contribution of the inhibiting factor to the 
decline in activity in vitro of total RNA extracted from the later 
stages of light development. This demonstrates the advantage of 
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using a partially purified mRNA, for example, poly(A) RNA, in a 
study as this, at least when using a Wheat germ system. However, 
a developmental decline in incorporation after Day L, similar to the 
results shown here (Fig. 7-7), is observed when poly(A) RNA is 
used to programme the Wheat germ system (E. Weir, personal 
communication). Also it has been found that during the later stages 
of seedling development there is a decline in the proportion of 
cotyledonary RNA containing sequences of poly(A) (weir and Leaver, 
unpublished results). Pillay (1977) has found that in cotyledons 
of dark-own Soybean seedlings there is a decline with age in the 
capacity of ribosomes and supernatant factors to support the 
incorporation of amino acids in vitro 
As previously described the reasons for studying protein 
synthesis in plastids isolated from cotyledons at each stage of 
Cucumber seedling development were two-fold. These were to 
investigate 	i) the development of the capacity of isolated 
plastids to synthesize proteins, 	ii) the spectrum of polypeptides 
synthesized by plastids during seedling development. 	However, it 
became apparent that there would be difficulties in expressing the 
results in a meaningful manner. 	In the results shown here the 
activity of a plastid preparation from each stage of seedling 
development was expressed as radioactivity incorporated as a function 
of the amount of plastid fraction protein incubated (see Fig. 7.12b). 
To allow direct comparison with other data shown here the amount 
of radioactivity was also expressed on a per cotyledon basis (see Fig. 
7.12a). 	Each method has its limitations which need to be borne 
in mind when considering the results obtained. These are that changes 
in the amount of chloroplast protein are not taken into account and 
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that it is assumed that the proportion of plastids recovered from 
the cotyledons at each stage of seedling development is the same. 
The results expressed in either way are similar. There is an 
initial increase in protein synthetic activity which reaches a 
maximum at Day 5 followed by a dramatic decline. The initial 
increase in activity coincides with the period of the accumulation 
of chloroplast ribosomal RNA (Fig. 6.8b) and RuBPCase (Fig. 6.5c) 
in vivo and LSu mRNA assayed in vitro (Fig. 7.5). 
The decline in the relative protein synthetic activity of the 
isolated plastids after Day 5 remains to be explained. 	Optimisation 
experiments were carried out using plastids from Day 6 tissue and 
these were capable of protein synthesis which was largely insensitive 
to RNAase (see Table 1). 	This would argue against the possibility 
that plastids become increasingly more sensitive to disruption during 
isolation. 	Another possibility is that there is an increase in the 
methionine pool within the plastids at later stages of seedling 
development leading to a relative decrease in the amount of labelled 
methionine incorporated. This could be investigated by measuring 
the levels of free methionine directly or by assaying the 
incorporation of [35S]met by isolatedplastids in the presence of 
increasing levels of unlabelled methionine (for example, see Forde 
et al., 1979). 
The results obtained using isolated plastids resemble those 
of other workers who examined the ability of plastids isolated from 
etiolated tissue which has allowed to green for various lengths of 
time to incorporate radioactivity into protein. Drumm and 
Marguilies (1970)  using plastids isolated from greening Bean leaves 
observed an increase in the capacity for protein synthesis and showed 
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that the increase was not due to the decline in the levels of 
an inhibitor or changes in the amino acid pools in the plastids. 
Within 48 hours of greening the ability of the plastids to 
incorporate amino acids in vitro on a per leaf basis had declined 
almost to the level found with plastids which had not been 
exposed to the light. 	Siddell and Ellis (197), using Pea leaves 
showed that in the first 48 hours of greening there was an increase 
of approximately 3—fold in the capacity for protein synthesis of 
isolated plastids. Moreover, these authors showed that after 96 
hours of greening ATP was no longer able to stimulate protein 
synthesis whereas light did. 	It was suggested that this might 
have represented a change in the permeability of the plastid 
envelope to ATP. 
The developmental profile of the labelled translation products 
of the isolated plastids are essentially similar whether they are 
incubated in the light, or in the dark with MP as an energy source 
(Fig. 7.13). 	Once again among the translation products of plastids 
incubated in the dark at 3, 000 Mr polypeptide is present whereas 
this is replaced by a 34, 000 Mr polypeptide among the translation 
products of the plastids incubated in the light. - 
There are only minor developmental changes in the relative 
amounts of specific polypeptides synthesized in vitro in isolated 
plastids, for example, the amount of the 31,000 Mr  polypeptide 
appears to decline (see Fig. 7.13). 	This is in contrast to the 
findings of Siddell and Ellis (197) and Ellis et al. (1977). 
These workers showed that the ratio of incorporation of [35S]met 
into LSu RuBPCase and the 32,000 M r  chloroplast membrane polypeptide 
progressively declined either when these polypeptides were synthesized 
in vitro by plastids isolated from etiolated Pea leaves at different 
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stages of greening or when they were synthesized in viva in 
expanding Spinach leaves. A differential synthesis of the 
LSu RiiBPCase and 34,000 Mr  chioroplast membrane polypeptide may 
take place in Cucumber cotyledons at a developmental stage later 
than those investigated here. 
During the later stages of light-grown seedling development 
the rate of accumulation of both chlorophyll and chioroplast 
ribosomal RNA in the cotyledon declines (see Fig. 6.d and Fig. 
6.8a.). 	Coupled with the results obtained with E. coli, Wheat 
germ and the isolated plastid system (see Fig. 7.10 and Fig. 7.12), 
this data could be interpreted as showing that after an initial 
period of active synthesis of chloroplast components, which is 
lit dependent, there is a decline. 	This would be in agreement 
with the findings of Ingle (1968a), Drumm and Margullie (1970) 
and Patterson and Smillie (1971) which has previously been 
described. The only evidence obtained here which would argue 
against this suggestion is that concerning the accumulation of 
RuBPCase. In the light-grown tissue the rate of accumulation 
of RuBPCase in viva is maintained during the period of decline 
in both the amounts of LSu and SSu m.RNA assayed in vitro and the 
protein synthesizing activity of isolated plastids. 	This may be 
interpreted as suggesting that a light-dependent factor increases 
the efficiency of RuBPCase mRNA translation in viva. On the other 
hand, the rate of accumulation of native RuBPCase protein may be 
sustained by pools of previously synthesized subunits. 	As previously 
discussed Rocket Immunoelectrophoresis would be useful to 
investigate the latter of these possibilities as well as confirm the 
data concerning the accumulation of RuBPCase presented here. 
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When the work described in this thesis was commenced it was 
envisaged that the E. coil and Wheat germ systems could be used 
to assay the developmental changes in levels of mRNA in the 
cotyledons of developing Cucumber seedlings. The results presented 
here have mostly proved this to be the case. However, during the 
course of the work the previously discussed limitations of the cell-
free systems, when used to assay changes in levels of rnRNA, became 
apparent. To overcome these limitations the work described here 
could be complemented and extended by using specific DNA probes 
to quantitatively hybridize mRNAs present in a given RNA sample 
(for example, see Evans et al., 1978). 
Advances in recombinant DNA technology make such a study 
feasible and indeed the cloned LSu gene of Maize (Bedbrook et al., 
1979a) and the cDNA synthesized from Pea PSSu mRNA (Bedbrook et al., 
1979b) may provide adequate probes for Cucumber LSu and PSSumENA. 
However, here I intend to outline an experimental method using 
techniques currently available by which DNA could be obtained to 
use as a probe in carrying out hybridization experiments. As 
described in Taylor (1979) the experimental approach generally used 
involves the isolation of a specific mRNA followed by synthesis of 
a cDNA to that mRNA. However, this approach has several experi-
mental difficulties including the isolation of an mRNA of adequate 
purity, especially when that rnRNA is only present in small amounts. 
As well as the synthesis of full length cDNA. The method I outline 
below obviates the need to isolate pure mRNA and synthesize cDNA 
as well as having the advantages that more than one gene which is 
differentially expressed during seedling development may be 
isolated. 	Once isolated, the genes themselves could be studied 
further. 
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The first step of the experimental technique involves the 
production of libraries of fragments of purified chloroplast and 
nuclear DNA (for example, see Maniatis et al., 1978). 	Separate 
libraries of each DNA should be constructed using different 
restriction endonucleases so that the presence of a particular 
gene isnot excluded because it is cleaved by one endonuclease. 
The method adopted to screen the libraries of different DNA 
fragments is that of Benton and Davies (1977) as adapted by 
Blattner et al. (1978) and Smithies et al. (1978) to cope with the 
large number of DNA fragments. 	Simply, this involves cloning the, 
DNA fragments using ahage vector and using these phages to 
ZI 
produce plaques on a bacterial-lawn grown on agr, cast on 
'Cafeteria-trays'. Phage DNA is bound to replicate nitrocellulose 
filters. 	The principle of plaque screening adopted here relies on 
the results presented in this thesis using the in vitro translation 
Systems that suggests that several genes are expressed in the 
cotyledons of developing seedlings at a specific time either in the 
light or the dark. Plaque screening is carried out by hybridizing 
separately RNA from Day 1 and Day 5  cotyledons of seedlings grown 
in the light and dark to the cloned DNA immobilised on the 
replicate nitrocellulose filters. 	The RNA is 'end-labelled) to a 
high specific activity with pol3mucleotide kinase and[_J2P] ATP. 
Thus autoradiography of the hybridized DNA-RNA immobilised on the 
nitrocellulose filters should reveal those cloned genes that are 
either expressed between Day 1 and Day 5 or are light dependent 
for their expression. 
It is likely that this technique will also detect fragments 
of DNA containing ribosomal genes which may not be of interest. 
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This may be avoided either by hybridization of the cloned DNA, 
immobilised in the nitrocellulose filters, with unlabelled 
ribosomal RA before plaque screening or by using the poly(A) 
fraction of RNA in plaque screening to detect those genes that 
are transcribed to produce raRNA containing poly(A) sequences. 
However, there have been reports that the eucaryotic genome contains 
A-P rich regions (Mol et al., 1 967; Blattner et al., 1978), hence 
in the latter case, prior hybridization with poly( A) (riboadenylate) 
may be required to inhibit non-specific hybridization (Jeffreys and 
Flavell, 1977). 
The relatively small size of chloroplast DNA producing a relatively 
low number of DNA fragments uoon restriction allows an additional 
screening step to be carried out. To reduce the number of DNA 
fragments to be cloned,'Southern Hybridization'can be used to 
detect DNA fragments containing differ'entiallr expressed genes 
(for example, see Bedbrook et al., 1978). 
Once screening has been carried out the next step is to 
identify the genes contained in DNA fragments. This could be 
carried out by two techniques: 	i) "hybrid-arret translation" 
(Paterson et al., 1977) or 2) "hybridization-release translation'' 
(Sobel et al., 1979; Smith et al., 1979). 
The technique of "hybrid-arrest translation" involves the 
comparison of products of a cell-free translation system programmed 
with total RNA, total RNA previously mixed with cloned DNA under 
conditions which allow hybridization and as a control total RNA. 
previously mixed with cloned DNA but heated to denature any segments 
of hybridization. The disappearance of a polypeptide from the 
translation product profile programmed by total RNA hybridized 
to cloned DNA indicates that the cloned DNA contains the gene for 
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that polypeptide. 
The technique of "hybridization-release translation" involves 
the binding of the cloned DNA to cellulose or diazobenzyloxymethyl-
paper. Total RNA is added under conditions in which complementary 
sequences within the RNA and cloned DNA can hybridize. The 
hybridized RNA is eluted and used to programme a cell-free system 
and the resulting translation product should be coded for by the 
cloned DNA which was used for the hybridization. 
By the method outlined above, specific genes can be isolated 
and used as probes to study the accumulation of specific species 
of mRNAs. However, the sequencing of the promoter regions of 
these genes may provide further insight into the control of 
transcription which this thesis indicates as being the initial 
controlling step in the induction of differentiation and development 
of the cotyledons of Cucumber seedlings. 
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REGULATION OF CHLOROPLAST PROTEIN SYNTHESIS DURING GERMINATION AND 
\1 %,\. , 
EARLY DEVELOPMENT OF CUCUMBER (cucUMls SATI'TLJS) 
R. WALDEN AND C. J. LEAVER 
Department of Botany, University of Edinburgh, Edinburgh EH9 3JH, 
Scotland. 	 - 
ABSTRACT 
Accumulation of ribulose bisphosphate carboxylase was measured 
during germination and early development in both light and dark 
grown cucumber seedlings. This was related to the appearance and 
relative amounts of the messenger RNA for the large subunit of 
ribulose bisphosphate carboxylase as assayed in an in vitro protein-
synthesising system prepared from E. coli. 
INTRODUCTION 
During germination and early development of light grown cucum-
ber seedlings the cotyledons initially serve as the site of lipid 
storage and utilisation, they later expand and assume a photo-
synthetic role. The disappearance of glyoxylate cycle enzymes 
associated with the conversion of stored lipid to carbohydrate 
usually coincides with the emergence of the seedling above ground 
and the appearance and progressive increase in enzymes and pig-
ments associated with photosynthetic activity 1 
Chloroplast ribosomal RNA and ribulose bisphosphate carboxylase 
(RuBPC) are both important markers of chioroplast function which 
rise in-concert beginning at day 3, followed a day later by chlor-
ophyll and a peroxisomal enzyme marker, glyoxylate reductase 1 
Among the photosynthetic indicators assayed only chlorophyll dis-
plays an absolute requirement for light. Each of the other mar-
kers appears at the same characteristic time during development 
whether the seedlings are grown in light or dark. In each case 
•
however, light clearly affects the levels which are reached at 
later stages, but does not appear to be required for the initial 
appearance or increase 
We have been particularly interested in both the regulation of 
the appearance of RuBPC and the controlling effect of light on its 
accumulation at later stages of cotyledon development. To this 
252 
end we have measured the accumulation of RuBPC protein in bOth 
light and dark grown cotyledons and related this to the appearance 
and relative amounts of the messenger RNA (mRNA) for the large 
subunit (LSu) of RuBPC as assayed in an in vitro protein synthes-
ising system derived from E. coli. 
MATERIALS AND METHODS 
Seeds of Cucumis sativus var. Long Green Ridge were grown in 
either continuous darkness or illuminated for 12 hours per day 
	L 
with a mixture of incandescent and fluorescent lamps at an approx-
imate intensity of 6500 lux. The temperature in both cases was 
maintained at 26-28°C for 12 hours followed by a night depression 
to 22 
0
C for 12 hours. 
All other procedures for the harvesting of cotyledons, protein 
extraction and the quantitative assay of RuBPC protein by gel 
electrophoresis were as described in reference 1. Total RNA was 
extracted as described by Leaver and Ingle 2 and used to programme 
an E. coli 5-30 protein synthesising system as described by Bottom-
ley et a1 3 . The LSU of RuBPC was identified as a major product of 
the in vitro system by coelectrophoresis with authentic LSU on 
sodium dodecyl sulphate (SDs)-polyacrylamide gels and by immuno-
precipitation with monospecific antibodies prepared against puri-
fied LSU. Iminunoprecipitation was carried out essentially accor-
ding to the method of Kessler 4 . 
RESULTS AND DISCUSSION 
Figure 1 shows that RuBPC protein appears between days 2 and 3 
in both light and dark grown cotyledons and accumulates at the 
same rate until day 4. Thereafter accumulation continues at a 
constant rate in the light but essentially ceases in the dark 
grown cotyledons. Light therefore does not seem to be required 
for the initial appearance and increase in the RuBPC protein, but 
does influence the eventual levels which are reached. Amongst 
other photosynthetic indicators assayed only chlorophyll synthesis 
displays an absolute requirement for light. It is interesting to 
note that the cessation of RuBPC protein accumulation in the dark 
at day 4 coincides with the acquisition of photosynthetic function 



















) 	I 	1 	J 	4 	 ô 	7 	8 
DAY OF DEVELOPMENT 
Fig. 1. Developmental changes in 
amounts of ribulose bisphosphate 
carboxylase protein in cotyledons 
of light-grown (O-O) and 
dark-grown (A-A) cucumber 
seedlings. 
As part of a programme investigating the level(s) of regulation 
of RuBPC synthesis we have sought to develop a quantitative assay 
for the mRNA's for both the large and small subunits of this organ-
ellar protein. In this way we hope to determine (a) when Synthesis 
of these milNAs is initiated and (b) how the levels of these rnRNAs 
relates to the observed, in vivo developmental changes in RuBPC 
protein. 
We recognise that the most direct method for determining the 
amounts of a specific mRNA is by hybridisation with a radioactive 
cDNA probe prepared from that specific message. Here, however, we 
report our progress in the use of an E. coli cell-free protein 
synthesising system.programined with total cotyledon RNA, for the 
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Fig. 2. The effect of varying 
concentrations of total cucumber 
cotyledon RNA on [35S]-methionine 
incorporation into total trichlo 
oacetic acid-precipitable protein 
(•-•) and into the large 
subunit of ribulose bisphosphate 
carboxylase (-), in an 
E. coli cell free system. 
/I 
The E. coli cell-free system responded to added total RNA (from 
cotyledons of any age) in a linear fashion (Fig. 2) and the syn-
thesis of the LSU of RuBPC was found to bear a linear relationship 
to input RNA over the range 0 to IWO ig/ml (Fig. 2). The amount 
of LSTJ'nthesised was estimated in two ways (i) [ 35S]-methioriine 
labelled translation products were analysed by SDS-polyacrylamide 
gel electrophoresis and the LSU, detected by autoradiography of 
the dried gel,was excised and counted (2) LSU was imrnunoprecipi-
tated, with monospecific antibodies, from the labelled cell-free 
translation products, aliquots were counted directly and analysed 
by SDS-polyacrylamide gel electrophoresis followed by autoradio-
graphy. 
Total RNA was extracted from light and dark grown cotyledons 
during the first 7 days of development and equal amounts used to 
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Fig. 3. Developmental changes in the level of translatable mRNA 
for the large subunit of ribulose bisphosphate carboxylase. 
Total RNA was extracted from cotyledons of light-grown (0-0, 
0-0) and dark-grown (---,'_) cucumber seedlings 
and used to programme on E. coli cell-free protein-synthesising 
system. The amount of large subunit synthesised was estimated 
(A) by excision and counting of the labelled LSU and (B) by immuno-
precipitation, as described in the text. 
appearance of translatable mRNA for the LSU of RuBPC are shown in 
Figure 3,using both the direct counting of labelled LSU excised 
from the acrylamide gels (Fig. 3A) and by immunoprecipitatiOn 
(Fig. 3B). 
The data produced by both methods are essentially similar and 
suggest that synthesis of the mRNA for LSU just precedes the in 
vivo appearance of the complete RuBPC protein. 
The amount of translatable mRNA for LSU increases in both light 
and dark grown cotyledons to day 5 and over this period appears 
to be positively related to the amount of complete RuBPC protein 
synthesised in vivo. After day 5, the amount of translatable rnRNA 
drops quite sharply in light grown but much more slowly in dark 
grown cotyledons. 
256 
These preliminary results suggest that the initial rise in the 
level of translatable mRNA for the LSU of RuBPC is already pro-
grammed into the ungerminated seed and requires no environmental 
stimulus beyond that needed to initiate the imbibition and ger-
mination processes. The later involvement of light in the init-
iation of chlorophyll synthesis would seem to be associated with 	a 
increased levels of LSU mRNA and the accumulation of higher levels 
of RuBPC protein in the light grown cotyledons. 
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